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The conservation and protection of marine megafauna require robust knowledge of
where and when animals are located. Yet, our ability to predict animal distributions
in space and time remains limited due to difficulties associated with studying
elusive animals with large home ranges. The widespread deployment of satellite
telemetry technology creates unprecedented opportunities to remotely monitor
animal movements and to analyse the spatial and temporal trajectories of these
movements from a variety of geophysical perspectives. Reproducible patterns in
movement trajectories can help elucidate the potential mechanisms by which marine
megafauna navigate across vast expanses of open-ocean. Here, we present an
empirical analysis of humpback whale (Megaptera novaeangliae), great white shark
(Carcharodon carcharias), and northern elephant seal (Mirounga angustirostris) satellite
telemetry-derived route fidelity movements in magnetic and gravitational coordinates.
Our analyses demonstrate that: (1) humpback whales, great white sharks and
northern elephant seals are capable of performing route fidelity movements across
millions of square kilometers of open ocean with a spatial accuracy of better
than 150km despite temporal separations as long as 7 years between individual
movements; (2) route fidelity movements include significant (o < 0.05) periodicities
that are comparable in duration to the lunar cycles and semi-cycles; (3) latitude
and bedrock-dependent gravitational cues are stronger predictors of route fidelity
movements than spherical magnetic coordinate cues when analyzed with respect to
the temporally dependent moon illumination cycle. We further show that both route
fidelity and non-route fidelity movement trajectories, for all three species, describe
overlapping in-phase or antiphase sinusoids when individual movements are normalized
to the gravitational acceleration present at migratory departure sites. Although these
empirical results provide an inductive basis for the development of testable hypotheses
and future research questions, they cannot be taken as evidence for causal relations
between marine megafauna movement decisions and geophysical cues. Experiments
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on model organisms with known sensitivities to gravity and magnetism, complemented
by further empirical observation of free-ranging animals, are required to fully explore
how animals use discrete, or potentially integrated, geophysical cues for orientation and

navigation purposes.

Keywords: navigation, gravity, moon, humpback whale, great white shark, elephant seal, tracking, g-space

INTRODUCTION

During some of the most spectacular yet least understood events
in nature, millions of animals migrate between widely separated
habitats without getting lost. In fact, animals from at least three
different phyla are able to relocate previously inhabited sites,
including chordates, arthropods, and molluscs (Switzer, 1993).
With respect to marine megafauna, humpback whales (Megaptera
novaeangliae), great white sharks (Carcharodon carcharias), and
northern elephant seals (Mirounga angustirostris) maintain inter-
annual site fidelity to specific seasonal habitats (Oliver et al.,
1998; Wedekin et al, 2010; Anderson et al., 2011) despite
undertaking long-distance migrations that span thousands of
kilometers of open ocean (Le Boeuf et al, 2000; Nasby-
Lucas and Domeier, 2012; Garrigue et al., 2015). Direct
observation of the same whales, sharks, and seals in the same
areas, year after year, demonstrates that all three species have
well-developed navigational abilities that enable high levels
of spatiotemporal movement accuracy and precision. Despite
our awareness of these remarkable movements, a mechanistic
understanding of how marine megafauna navigate remains
elusive.

One of the main reasons why we do not yet understand the
mechanics of marine megafauna navigation is the fact that we
have not yet identified the coordinate space in which navigation
occurs. Several fundamental questions remain unanswered
for most migratory species, including: What exogenous cues
are used for orientation purposes? What reference frame(s)
and reference datum(a) are applied during the transduction
and neurological processing of these cues? To what extent
are endogenous cues integrated with exogenous cues during
navigation?

In this study, we explore these knowledge gaps through
empirical analyses of humpback whale, great white shark, and
northern elephant seal route fidelity movements from both
magnetic and gravitational geophysical perspectives. We focus
our analyses on magnetic inclination and vertical gravitational
acceleration cues (see Nomenclature for a glossary of terms) as
experimental studies have suggested both can serve as exogenous
sources of orientation information during animal movement
(Wiltschko and Wiltschko, 1972; Larkin and Keeton, 1978;
Keeton, 1979; Kanevskyi et al., 1985; Light et al., 1993; Lohmann
and Lohmann, 1994; DeVries et al., 2004; Putman et al., 2011;
Blaser et al.,, 2013, 2014). By focussing our analyses on route
fidelity movements, our research is directly relevant to positional
orientation during migration, one of the greatest unknowns in
animal navigation science (Gould, 2004). By considering a diverse
suite of species and scientific disciplines, our research represents
a direct response to growing calls for more integrative research

on animal migration and navigation (Bowlin et al., 2010; Hays
et al., 2016).

Humpback whales, great white sharks and northern elephant
seals are ideally suited to empirical analysis of animal movement
due to the fact that telemetry datasets for all three species include
remarkable examples of asynchronous migratory route fidelity.
Route fidelity is similar to site fidelity in that both refer to
the repeated utilization of migratory destinations at distinctly
different times. In contrast to site fidelity, route fidelity refers to
the repeated utilization of well-defined migration routes by either
the same individual during multiple independent migrations (i.e.,
intra-individual route fidelity) or different individuals migrating
separately (i.e., inter-individual route fidelity). In this study, we
present and analyse 22 humpback whale, great white shark,
and northern elephant seal route fidelity movements, including
multiple examples of intra- and inter-individual route fidelity.
Our dataset includes humpback whales in the South Atlantic and
South Pacific Oceans, great white sharks in the North and South
Pacific Oceans and northern elephant seals in the North Pacific
Ocean.

MATERIALS AND METHODS

Satellite Telemetry

Humpback whales were tracked using published methods
(Garrigue et al., 2015). In brief, a carbon-fiber pole (Heide-
Jorgensen et al., 2003) or a modified pneumatic line-thrower
(Heide-Jorgensen et al., 2001) pressurized to ~10 bar with
compressed air was used to implant transdermal location-only
SPOT radio-frequency platform transmitting terminal (PTT)
satellite tags (Wildlife Computers, Redmond, WA, U.S.A.) into
the upper flank of each whale near the base of the dorsal
fin. Transmitters were duty cycled to maximize battery life as
described in Zerbini et al. (2006) and Hauser et al. (2010). In all
references to PT'T tag numbers in the current study, the two digits
to the right of the decimal point correspond with the abbreviated
Julian calendar year in which the satellite-monitored movement
was initiated.

Great white sharks were tracked using similar technology
deployed by different methods (Domeier et al.,, 2012; Francis
et al., 2012). In brief, SPOT5 PTT tags were affixed using 3-
4 small plastic or stainless steel bolts in the apex of the dorsal
fin of each temporarily restrained individual. Unlike marine
mammals, great white sharks do not have to surface to breathe.
Thus, position data from this species are much more sporadic
than they are for whales and seals. Location estimates for white
sharks were received only when animals spent enough time at
the surface, with the dorsal fin above the waterline, allowing the
ARGOS (Argos, CLS Group) satellite array to receive three or

Frontiers in Marine Science | www.frontiersin.org

December 2017 | Volume 4 | Article 422


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Horton et al.

Marine Megafauna Route Fidelity

more consecutive transmissions from the tag. Surface swimming
behavior varied among individual sharks, resulting in varying
resolution migration data for each shark.

Northern elephant seals were also tracked using PTT satellite
tags (Robinson et al., 2012) which were attached to the head of
each seal during onshore residence in Afio Nuevo State Park (ca.
37.11°Nj; 122.33°W), California, U.S.A. Elephant seal locations
were estimated using the ARGOS satellite system based on
transmissions received when the PTT was out of the water.

Route fidelity movements were identified from larger satellite
telemetry datasets by visual inspection of PTT track maps
using GIS software. Movement tracks, or portions of tracks,
that visually overlapped for extended periods (i.e., coincident
animal location symbols or track lines for multiple days in
geographic coordinates) when viewed at a scale of 1:10,000,000
were identified as route fidelity movements. At this scale, an
8 point map symbol is approximately 10km wide. The three
South Atlantic humpback whale route fidelity movements were
identified from inspection of a total of 12 long-distance migration
tracks (i.e., 25%). The four South Pacific humpback whale route
fidelity movements were identified from inspection of a total of
13 intra-tropical movement tracks (i.e., 31%). The two South
Pacific great white sharks demonstrating both intra- and inter-
individual route fidelity were identified from inspection of long-
distance PTT tracks of three different sharks (i.e., 67%). The
intra-individual route fidelity movements of two North Pacific
great white sharks were identified from inspection of the PTT
tracks of 11 individual sharks (i.e., 18%). The four northern
elephant seal tracks were identified from inspection of a total of
74 long-distance migration tracks (i.e., 5%).

Raw animal location estimates downloaded from the ARGOS
system were processed using a 20km/h velocity filter and
combined to determine single average daily locations for each
individual. Transmissions were not received by the ARGOS
system from all PTT tags on all days. Average daily locations
were only determined for those calendar dates on which velocity-
filtered locations were received. Gaps in the tracking datasets
were not filled by interpolation due to the fact that we do not
know the coordinate space in which navigation was performed
(Horton et al, 2014). All animal tracking research reported
here was carried out in accordance with animal ethics consents
given to the authors by their home institutions and/or relevant
government agency.

Astronomical and Geophysical Variables
We determined multiple astronomical, magnetic, and
gravitational cues present at the whale, shark and seal locations
recorded by the PTT animal tracking devices (see Nomenclature
for a glossary of terms). Astronomical cues, including moon
illumination, were calculated using published astronomical
algorithms (Meeus, 1991). Moon illumination is a unitless
time-dependent quantity ranging between 0 (i.e., new moon)
and 1 (i.e., full moon) across the average 29.53-day-long synodic
(i.e., moon illumination) cycle. We used it as a direct proxy for
time to facilitate comparative analyses of multiple asynchronous
individual telemetry tracks in a single panel.

With respect to magnetic cues, we determined main field plus
rock anomaly field magnetic coordinates, including magnetic
inclination, field intensity and declination, for all animal
locations using the Enhanced Magnetic Model (Maus, 2010).
Of the seven different magnetic variables used to define the
position of Earth’s magnetic field from a geocentric perspective
in both spherical (E I, D) and Cartesian (X, Y, Z, H) coordinate
spaces (for definitions see Nomenclature; Horton et al., 2014),
magnetic inclination (I) is the most widely associated with animal
orientation and navigation (e.g., Wiltschko and Wiltschko,
1972; Light et al., 1993). Extensive experimental research has
demonstrated that the movement behaviors of diverse species
change in response to changes in magnetic inclination. These
results have been variably interpreted as evidence for utilization
of magnetic inclination as: (1) a navigational compass that
facilitates directional orientation (Wiltschko and Wiltschko,
1972), or, (2) part of a metaphorical bi-coordinate “magnetic
map” that facilitates positional orientation (Putman et al., 2011).
Regardless of how magnetic inclination is used during animal
navigation and orientation, compelling experimental evidence
demonstrates that it is part of the system by which many
migratory species find and follow specific movement trajectories.

Thus, a key question emerges: Are route fidelity movements
compatible with orientation relative to magnetic inclination? We
explored this question by plotting magnetic inclination vs. moon
illumination for the route fidelity movements reported above.
Considering the fact that these highly directional movements
were performed at distinctly different times in distinctly
different locations, strong correlations and systematic non-
random patterns in the data would be suggestive of a potential
spatiotemporal orientation behavior informed by cues associated
with magnetic inclination.

With respect to gravity, we determined local gravitational
accelerations associated with both latitude and bed-rock density
using the International Gravity Formula (Gotze, 2014) and
the International Gravimetric Bureau’s 2 x 2 arc-min (ie.,
~3.7 x ~37km) World Gravity Map (Balmino et al,
2012), respectively. Latitude (gr) and bed-rock (gp) vertical
gravitational accelerations are reported in Gals (i.e., cm sec2).

Of the multiple factors that determine gravity (i.e., g) at a
given place and time, latitude has the largest effect. At 20° north
or south latitude, the theoretical gy, is 978.637 Gal. In contrast,
g1, is 981.070 Gal at 50° north or south latitude, equating to a
2.433 Gal range in gp over this 30° range. Importantly, g is a
trigonometric function of latitude with the most rapidly changing
g1, values occurring in the middle latitudes and the most gradually
changing g; values occurring near the geographic equator and
poles. For example, an animal that migrates from the equator to
30° south or north latitude would experience a change in g of
1.292 Gal, roughly half the range in g; experienced by migrating
between 20° and 50° latitude. To facilitate understanding, a
30,000 kg humpback whale requires 900N (i.e., 202 Ibs) less
buoyancy force to remain effortlessly afloat in a tropical habitat,
where gp, is ~979 Gal, relative to a high-latitude habitat, where gp,
is ~982 Gal.

The shape and density of Earth also affects local g.
However, the difference in geologically imparted Bouguer gravity
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anomalies from one location to the next is on the order of
10 to 100 mGal, roughly 1 to 10% as large as the latitudinal
effects on g across the geographic range of the tracks we report.
Since both latitudinal and geological effects on g are temporally
independent, we additively combined these two gravitational
variables into a single spatially dependent coordinate, g; +gg, that
is determined solely by an animal’s location.

The whales, sharks, and seals we studied experienced a
wide range of gravitational conditions during their individual
migrations. Latitude dependent gravity values (gr) ranged
between 978.287 Gal (i.e., cm/sec?) and 981.737 Gal. Local
bedrock-dependent gravity values (gp) ranged between 40.025
Gal and +0.587 Gal. Using these spatially dependent gravitational
variables, we constructed bivariate plots of all three species’
movements through gravitational coordinates, or g-space. We
define g-space as the bicoordinate system that includes the sum
of gr and gp as the spatially dependent variable and moon
illumination as the temporally dependent variable.

As an animal moves, its g, value will change as its latitudinal
position changes, its g value will change as the density of
the Earth’s crust over which it is swimming changes, and the
magnitude of the tidal gravity vector will change in unison with
lunar phase. In contrast, for an animal that stops its migratory
movement and begins residence in a single area, only moon
illumination would continue to change, and the g; and gg values
it experiences would remain constant. Pure east-west movements
would experience changing gg values and moon illuminations
while the latitudinal component (g,) remains constant.

Data Analysis Methods

The satellite telemetry, astronomical, and geophysical data
generated by our research were analyzed using a variety of
statistical tools. Piecewise linear regression breakpoint analysis
(Muggeo, 2008) performed on latitude/longitude time-series
plots was used to estimate the date on which open ocean
migration was initiated at the individual scale. Latitude time-
series plots were used on all individuals with the exception
of the North Pacific great white sharks, where longitude time-
series were used due to the predominantly meridional nature of
these tracks. Spectral analysis using the Lomb-Scargle algorithm
(Scargle, 1982; Press et al,, 1992; Hammer et al., 2001) was
used to determine significant (o = 0.05) periodicities present
in latitude time-series plots at the individual scale. Sinusoidal
regression (Press et al., 1992; Hammer et al., 2001) was performed
on geophysical (i.e., magnetic and gravitational) cue vs. moon
illumination plots in order to determine the proportion of data
variance explained (i.e., coefficient of determination; R?) by a
sine-function model of the data.

RESULTS

Route Fidelity Movements

Inspection of the humpback whale, great white shark, and
northern elephant seal tracking datasets revealed multiple
examples of migratory route fidelity (Table 1). Migration tracks
exhibiting route fidelity were followed by: humpback whales
tagged off the coasts of Brazil and Rarotonga, Cook Islands; great

white sharks tagged off southern New Zealand and Guadalupe
Island, Mexico; northern elephant seals tagged in Aflo Nuevo
State Park, California, U.S.A. Our satellite tracking results
demonstrate that these diverse marine megafauna demonstrated
a remarkable ability to find and follow near-identical paths
despite the fact that none of these individuals was ever within
100km of the same geographic location at the same Julian
calendar date and time.

South Atlantic Humpback Whale Route

Fidelity Movements

Three humpback whales tagged off Brazil (PTT identification
numbers: 87760.08; 87761.08; 87769.08) swam near-identical
south then southeast directed asynchronous migration paths
away from Abrolhos Bank off the eastern coast of Brazil (ca.
—39°W; —19.8°S; Figure 1A; Zerbini et al., 2006) and toward
higher-latitude feeding grounds in the South Atlantic Ocean (ca.
—50 to —60°S; Figure 1A; Zerbini et al., 2011). All three whales
followed approximately the same ~1,550 km southerly path away
from Abrolhos Bank, during the first 12 (PTT 88760.08), 15
(PTT 87769.08), and 16 (PTT 87761.08) days of their temporally
distinct migrations (Figure 1A). These three whales migrated
through a migratory corridor that was at most ~100km wide
despite swimming across a vast expanse of open-ocean at
different times. Average swimming speeds during these south-
directed movements ranged between 4.3 and 5.0km/h (£1.1 to
1.4km/h, £SD).

Following these initial movements, two of the whales (PTT
87760.08 and PTT 87769.08) turned to a southeast heading
until both tags stopped transmitting another 17 and 24 days
later, respectively (N.B. PTT 87761.08 stopped transmitting ca.
—38°W; —34°S). During these southeast-directed movements,
88760.08 and 87769.08 swam an additional 1,991 and 2,581 km,
respectively, through a <85km wide open-ocean corridor
despite migrating ~15 days apart (Figure 1A). The average
swimming speeds during these southeast-directed movements
were 4.8 and 4.4km/h (£0.9 and £1.5km/h, £SD) for whales
87760.08 and 87769.08, respectively. For comparison, we include
two additional migration tracks of humpback whales that
migrated through the same corridor, but along distinctly different
geographic coordinate trajectories, in 2005 (PTT 10946.05,
Figure 1A) and 2012 (PTT 111871.12, Figure 1A).

South Pacific Humpback Whale Route

Fidelity Movements

Four humpback whales tagged off Rarotonga, Cook Islands
(PTT identification numbers: 37282.07; 120946.14; 120947.14;
121195.14) swam similar asynchronous northwest directed
migration paths away from Rarotonga, in the southern Cook
Islands (ca. —159°W; —21°S; Figure 1B), to Tutuila, American
Samoa (ca. —171°W; —14°S; Figure 1B). All four of these
route fidelity movements began in mid-September, albeit 7 years
apart (one in 2007, three in 2014). All four whales followed
similar ~1,300km long northwest directed paths to Tutuila,
American Samoa, during the first 12 to 14 days of their intra-
tropical movements despite migrating at distinctly different times
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TABLE 1 | Platform transmitting terminal (PTT) tag deployment information.

Region/Platform Species Sex Longitude Latitude Date Cumulative Average
Transmitting (first/last) (first/last) (first/last) Distance Velocity*
Terminal ID Traveled (km) (km/h £10)
SOUTH ATLANTIC HUMPBACK WHALES

10946 Megaptera novaeangliae ~ Female —39.10/-24.83 —18.08/-55.67 Oct 19, 2005/Jan 3, 2006 4,900 3.80 + 1.25
87760 Megaptera novaeangliae ~ Unknown —38.79/-26.10 —15.31/-48.20 Aug 28, 2008/Oct 11, 2008 4,591 4.43 +1.34
87761 Megaptera novaeangliae ~ Male —38.79/-38.17 —15.3/-383.72 Aug 28, 2008/Sep 27, 2008 2,815 451 £1.41
87769 Megaptera novaeangliae ~ Unknown —38.79/—-26.82 —14.68/-53.47 Sep 12, 2008/Nov 2, 2008 4,924 444 +1.25
111871* Megaptera novaeangliae ~ Female —39.00/-9.38 —17.91/-58.04 Nov 2, 2012/Apr 20, 2013 6,566 3.61 £+ 1.51
SOUTH PACIFIC HUMPBACK WHALES

37282 Megaptera novaeangliae ~ Female —159.71/—170.45 —21.15/-14.94 Sep 24, 2007/Oct 8, 2007 1,381 4.63 +1.39
120946 Megaptera novaeangliae ~ Male —159.81/—169.15 —21.24/-15.19 Sep 6, 2014/0Oct 3, 2014 1,294 5.05 + 1.66
120947 Megaptera novaeangliae ~ Male —159.79/—170.19 —21.2/-14.37 Sep 6, 2014/Sep 23, 2014 1,401 3.86 + 1.32
121195 Megaptera novaeangliae ~ Female —159.77/—169.64 -21.21/-14.17 Sep 6, 2014/Sep 21, 2014 1,337 4.18 £ 1.62
SOUTH PACIFIC GREAT WHITE SHARKS

55612** Carcharodon carcharias ~ Male 168.21/168.24 —46.84/—46.86 Mar 20, 2013/Feb 7, 2014 8,323 4.88 +£1.23
55614 Carcharodon carcharias ~ Female 168.24/153.16 —46.86/—30.32 Mar 30, 2014/Sep 8, 2015 11,735 4.06 +£1.17
55615 Carcharodon carcharias ~ Female 168.23/168.22 —46.84/—46.86 Apr 3, 2014/Apr 2, 2015 10,031 414 £+ 1.40
NORTH PACIFIC GREAT WHITE SHARKS

19787 Carcharodon carcharias ~ Male —118.28/—142.97 29.15/25.38 Dec 7, 2008/Mar 11, 2012 42,102 4.70 + 3.01
20720 Carcharodon carcharias ~ Male —118.28/-118.27 29.15/29.13 Dec 4, 2008/Dec 9, 2011 24,480 514 +£ 3.70
NORTH PACIFIC NORTHERN ELEPHANT SEALS

13365 Mirounga angustirostris Female —122.24/-122.35 37.01/37.10 Jun 10, 2005/Mar 7, 2006 11,550 3.29 £ 0.48
39454 Mirounga angustirostris Female —122.33/-122.68 37.12/37.56 Jun 9, 2004/Jan 18, 2005 11,174 3.12 £1.28
39455 Mirounga angustirostris Female —122.33/-130.11 37.12/42.88 Jun 13, 2004/Jan 23, 2005 10,078 3.27 £1.21
62036 Mirounga angustirostris Female —122.38/—122.52 37.10/37.31 Feb 21, 2011/May 4, 2011 4,821 3.28 £ 1.01
120078 Mirounga angustirostris Female —123.961/-122.32 37.75/37.11 Feb 20, 2014/Apr 30, 2014 3,702 2.89+0.74
133774* Mirounga angustirostris Female —123.12/-122.33 37.11/37.12 Feb 3, 2014/Apr 21, 2014 5,672 3.60 £ 0.59

*Average Velocity was determined during the period of continuous and directed open-ocean movement. Individuals not known to perform route fidelity movements (i.e., non-route fidelity

tracks) are indicated by a double asterix (**).

(Figure 1B). The Rarotonga-Tutuila migratory corridor used
by these whales was at most 150 km wide in the area ~300-
400 km northwest of Rarotonga and 50-100 km wide elsewhere
(Figure 1B). The open-ocean swimming speeds for the four
intra-tropical movements ranged between 3.9 and 5.0 km/h.

South Pacific Great White Shark Route

Fidelity Movements
Two great white sharks departed the waters off southwest New
Zealand in early to mid-July, 2014 and 2015 (PTT 55614),
and early to mid-September, 2014 (PTT 55615). Although the
two sharks followed distinctly different paths between New
Zealand and the southeast Great Barrier Reef, Australia, shark
55614 followed a near-identical route between New Zealand
and Australia in both 2014 and 2015 (Figure 2A). Additionally,
sharks 55614 and 55615 both followed a similar return migration
path from coastal waters off Byron Bay, Australia, to coastal
waters off southwest New Zealand (Figure 2A) in late November,
2014 (PTT 55615), and early December, 2014 (PTT 55614).

The satellite tracking results acquired for these two sharks
include examples of both intra-individual (i.e., PTT 55614, New
Zealand to Australia in 2014 and 2015) and inter-individual (i.e.,

PTT 55614 and PTT 55615, Australia to New Zealand in 2014)
route fidelity. Like both the South Atlantic and South Pacific
humpback whale datasets, satellite tracking demonstrates that
these two sharks can find and follow <150 km wide migratory
corridors during temporally separated open-ocean movements
that are well in excess of 1,000km distance during multiple
weeks of continuous swimming. For comparison, we include a
third great white shark (PTT 55612) that performed a round-trip
migration between Stewart Island, New Zealand, and the Loyalty
Islands, New Caledonia (ca. 167°E; —21°S; Figure 2A), during
2013.

North Pacific Great White Shark Route

Fidelity Movements

Two great white sharks tagged off Guadalupe Island, Baja,
Mexico (PTT identification numbers: 19787; 20720) swam
similar to near-identical asynchronous west-southwest directed
migration paths away from Guadalupe (ca. —118°E; 29°N)
to the central northeast Pacific shared offshore foraging area,
or SOFA (ca. —134°W; 23°N; Figures 2B,C; Domeier et al.,
2012). These movements were repeated each year from 2009 to
2012, by shark 19787 (Figure 2B), and 2009 to 2011, by shark
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FIGURE 1 | Route fidelity and non-route fidelity movements of satellite-monitored humpback whales, including: (A) humpback whales in the South Atlantic Ocean,
(B) humpback whales in the South Pacific Ocean. Symbol sizes and color hue correspond with average daily track velocity (km/h) as shown in the legends. Unique
platform transmitting terminal (PTT) tag numbers to the left of the PTT number decimal point correspond with individual whales and are represented by symbol shape;
digits to the right of PTT number decimal point correspond with the abbreviated year in which the whale was tagged and are represented by symbol color family (i.e.,
blue, yellow, purple, etc.). Multiplication (PTT 10946.05) and addition (PTT 111871.12) symbols in (A) correspond with long-distance non-route fidelity migrations.
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FIGURE 2 | Route fidelity and non-route fidelity movements of satellite-monitored great white sharks, including: (A) great white sharks in the South Pacific Ocean,
(B,C) great white sharks in the North Pacific Ocean. Symbol sizes and color hue correspond with average daily track velocity (km/h) as shown in the legends. Unique
platform transmitting terminal (PTT) tag numbers to the left of the PTT number decimal point correspond with individual sharks and are represented by symbol shape;
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red, yellow, brown, etc.). Addition (PTT 55612.13) and black/gray diamond (PTT 55615.14) symbols in (A) correspond with long-distance non-route fidelity migrations.
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20720 (Figure 2C). The tracking data indicate that shark 19787
consistently departed Guadalupe several weeks earlier than shark
20720. Specifically, shark 19787 departed Guadalupe between:

(1) December 22, 2008 and January 17, 2009
(2) January 23 and January 24, 2010

(3) November 29, 2010 and February 5, 2011
(4) December 20, 2011 and January 15, 2012

Whereas, shark 20720 departed Guadalupe between:

(1) March 16 and March 23, 2009
(2) March 16 and April 3, 2010
(3) March 21, April 3, 2011

Piecewise linear regression breakpoint analysis of longitude vs.
time profiles for these seven separate migrations suggests that
they likely began on, or about, January 15, 2009, January 24, 2010,
February 4, 2011 and January 9, 2012 for shark 19787, and March
22,2009, April 1, 2010 and March 18, 2011 for shark 20720.

Despite the relatively low temporal resolution of the Mexico
great white shark dataset, these data reinforce the observation
that great white sharks are capable of migrating through well-
defined <150 km wide migratory corridors with a high degree of
inter-annual route fidelity (Figures 2B,C). Four years in a row,
shark 19787 followed the same west/southwest-directed path
from Guadalupe to the SOFA (Figure 2B). Shark 20720 followed
a similar but consistently more southerly path than 19787 every
year between 2009 and 2011 (Figure 2C).

North Pacific Northern Elephant Seal

Route Fidelity Movements

Four northern elephant seals tagged at Ano Nuevo State
Park, California, U.S.A. (PTT identification numbers: 39454.04,
13365.04, 39455.05; 62036.11) swam similar to near-identical
asynchronous northwest directed migrations between the central
California coast and the central North Pacific Ocean/Gulf of
Alaska (Figure 3). In contrast to previous research documenting
intra-individual route fidelity in male northern elephant seal
tracks (Le Boeuf et al, 2000), the seal tracks we analyzed
demonstrate inter-individual route fidelity achieved by three
females and one male. These seals departed the California coast
at Ano Nuevo State Park between June 9, 2004 and February
21, 2011 (Table 1). Despite migrating across a >6 year period,
these four seals followed the same ~150 km wide migration route
during their individual 30-38 day, and 2,500-4,000km long,
northwest-directed migrations (Figure 3).

Like the humpback whale and great white shark datasets we
analyzed, satellite tracking demonstrates that these four seals
were able to find and follow a well-defined migratory corridor
during asynchronous long-distance open-ocean movements
spanning several weeks of continuous swimming. Although we
focus our analysis on the initial route fidelity stage of these
elephant seal migrations, these same seals dispersed across ~3
million km? of the North Pacific Ocean during subsequent
non-route fidelity stages of their individual migrations. For
comparison, we include two additional migration tracks of
northern elephant seals that followed distinctly different
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FIGURE 3 | Route fidelity and non-route fidelity movements of
satellite-monitored northern elephant seals. Symbol sizes and color hue
correspond with average daily track velocity (km/h) as shown in the legends.
Unique platform transmitting terminal (PTT) tag numbers to the left of the PTT
number decimal point correspond with individual seals and are represented by
symbol shape; digits to the right of PTT number decimal point correspond with
the abbreviated year in which the whale was tagged and are represented by
symbol color family (i.e., green, yellow, black, etc.). Yellow multiplication (PTT
133774.14) and addition (PTT 120078.14) symbols correspond with
long-distance non-route fidelity migrations.

geographic coordinate trajectories in 2014 (PTT 120078.14 and
133774.14, Figure 3).

Timing of Route Fidelity Movements
Satellite-monitored PTT tracking of humpback whales, great
white sharks, and northern elephant seals in the Atlantic and
Pacific reveals that all three species have navigational systems
capable of reproducing near-identical movements across vast
expanses of featureless ocean (Figures 1-3). At a minimum, these
remarkable examples of navigational reproducibility require both
precise and accurate spatial orientation. The fact that all three
of the sharks that were tracked for more than 1 year (ie.,
PTT identification numbers: 55614, 19787, 20720) also showed
a migratory fidelity to specific times of the year further suggests
there is a temporal component to open-ocean navigation and
migration.

Indeed, one of the distinctive features of the route fidelity
movements we report is the fact that they occurred at different
times. The asynchrony of these movements is important: little
navigational information can be gained from analysis of two
or more marine migrants that are swimming together as the
coordinate space trajectories followed by these animals would
be indistinguishable from any geophysical or environmental
perspective. Thus, it is the combined effects of the movement
asychrony and the temporal dependence of orientation cues
available from the environment that make route fidelity
movements potentially novel indicators of navigational behavior.
We focused our temporal analysis of the route fidelity movements
described above on whether or not a systematic temporal pacing
was present.
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Spectral analysis using the Lomb-Scargle periodogram
algorithm (Scargle, 1982) performed on individual route fidelity
latitude-time datasets demonstrates that significant (p < 0.05)
periodicities are present in all of the route fidelity movements
with 15 or more average daily PTT locations. The fact that
significant periodicities were not detected in the route fidelity
tracks with <15 locations in total does not necessarily mean that
these movements lacked temporal pacing. Rather, the relatively
small number of PTT locations in these spatially and temporally
shorter tracks may simply preclude periodicity detection using
the Lomb-Scargle algorithm.

Significant periodicities were detected in three South Atlantic
humpback whale, two South Pacific white shark and four North
Pacific elephant seal route fidelity movements (Figure 4). These
nine tracks represent the nine longest distance and duration
annual movements in our dataset. None of the shorter duration
intra-tropical Rarotonga humpback whale tracks, nor any of
the Guadalupe Island white shark tracks, included a detectable
significant periodicity. Spectral analysis of the nine longest
duration tracks detected significant periodicities with average
peak powers of 15 days (SD = 3 days; n = 3; Figure 4) and 27 days
(SD = 2 days; n = 7; Figure 4). These significant periodicities
are not unlike the period (range = 29.3-29.8 days) and semi-
period (range = 14.6-14.9 days) of the lunar illumination cycle
(i.e., synodic cycle). Periodicities in these ranges are not entirely
unexpected given the growing number of studies demonstrating
that lunar illumination is strongly correlated with a variety of
organismal behaviors including animal movement (e.g., Larkin
and Keeton, 1978; Grau et al., 1981; Baird et al., 2003; Tsukamoto
et al, 2003; DeVries et al., 2004; Fraser, 2006; Pinet et al.,
2011; Erisman et al., 2012; Schmidt et al., 2012; Sudo et al,
2014).

The tracks we studied further demonstrate that synodic
periods are also present in the time gaps separating individual
movements (Figure S1). For example, the three 2008 South
Atlantic whales tracks that individually include significant semi-
synodic periodicities (Figure4), also demonstrate an inter-
track semi-synodic separation that is maintained throughout
the southward migrations of these whales (Figure S1A). This
~15 day separation persists despite a reduction in movement
velocity between ~30°S and ~40°S latitude in all three tracks
(Figure 1A). Two other South Atlantic humpbacks that followed
distinctly different geographic coordinate paths (i.e., non-route
fidelity movements; Figure 1A) across the same southeast-
directed migratory corridor in 2005 (PTT 10946.05) and 2012
(PTT 111871.12) performed their migrations 36 and 52 lunar
synodic cycles before and after the 2008 whales, respectively
(Figure S1A).

Despite the fact that no significant periodicities were detected
within any of the individual Rarotonga humpback whale
route fidelity movements, these four intra-tropical movements
occurred approximately 0.5, 86.0, or 86.5, synodic cycles apart
(Figure S1A). Similar time gaps, ranging between 0.5 and 70.5
synodic cycles, separate both the route fidelity and non-route
fidelity movements of the white sharks and elephant seals we
tracked (Figures SIB-D) suggesting there is a strong temporal
component to marine megafauna movement.

| I
62036.11 — T | L J
| I
39455.05 — <L ——
| I
13365.04 —| ! —_—
| I
3 | ——
_g 39454.04 | |
S 55615.14 — Ueo— I
=z (southward) | |
-
= 55614.14 — | !
o (northward) | |
87769.08 — | .
| I
87761.08 — o I
| I
87760.08 — I ——1
| I
| 1
- | - I -
0 15 30 45

Significant Periodicity (days)

FIGURE 4 | Significant (o < 0.05) periodicities in long-distance route fidelity
tracks revealed by spectral analysis. Colored diamonds correspond with the
highest power (i.e., peak) periodicity and horizontal bars correspond with the
range in significant (p < 0.05) periodicities detected using the Lomb-Scargle
algorithm (Scargle, 1982). Red vertical lines correspond with the 29.53 and
14.76 day-long moon illumination (i.e., synodic) cycle and semi-cycle,
respectively. Dashed blue vertical lines correspond with the 27.32 and 13.66
day-long moon declination (i.e., sidereal) cycle and semi-cycle, respectively,
and are shown for reference.

Time-series analyses of the humpback whale, great white
shark, and northern elephant seal movements we report
demonstrate that these movements include significant and
systematic temporal periodicities that are similar in duration to
the synodic and semi-synodic cycles. However, the synodic cycle
is just one of the many quasi-monthly lunar cycles (i.e., sidereal,
anomalistic, tropical, etc.) modulated by the relative position
of the moon. The empirical results we report demonstrate that
humpback whales, great white sharks and northern elephant seals
are capable of performing long distance movements that include
both spatial and temporal fidelity to well-defined migratory
trajectories.

Movements in Magnetic Coordinates

Our analyses demonstrate that magnetic inclination is a strong
predictor of route fidelity movements (Table 2), consistent with
the hypothesis that magnetic inclination informs navigation.
At the population level, route fidelity movements appear as
overlapping in-phase or antiphase sinusoids when magnetic
inclination values are plotted against moon illumination
(Figure 5). These unexpected systematic and symmetrical
correlations require temporal pacing: even individuals that
followed the same track at the same speed would not be
expected to show this pattern unless their movements were
initiated at similar, or antithetical, times in the synodic cycle. The
systematic nature of the movement trajectories shown in Figure 5
is reinforced by the fact that the overlapping in-phase/antiphase

Frontiers in Marine Science | www.frontiersin.org

December 2017 | Volume 4 | Article 422


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Horton et al.

Marine Megafauna Route Fidelity

TABLE 2 | Significant (p < 0.05) sinusoidal regression correlation coefficients for route fidelity movements in geophysical coordinates relative to moon illumination.

Population PTT Number (n) Magnetic Magnetic Field Magnetic Latitude and
Inclination (l) Intensity (F) Declination (D) Bedrock Dependent
Gravity (g, +9g)
R2 R2 R2 R2

South Atlantic Humpback Whales 87760.08 (31) 0.976 0.591 0.886 0.994
87761.08 (17) 0.944 0.424 0.664 0.987
87769.08 (30) 0.976 0.578 0.804 0.980
Combined (78) 0.872 0.408 0.830 0.924

South Pacific Humpback Whales 37282.07 (12) 0.899 0.925 0.926 0.950
120946.14 (12) 0.993 0.774 0.787 0.984
120947.14 (14) 0.990 0.953 0.944 0.957
121195.14 (13) 0.824 0.985 0.886 0.989
Combined (51) 0.883 0.681 0.737 0.896

All Humpback Whales Combined (129) 0.827 0.467 0.682 0.899

South Pacific Great White Sharks 55614.14—northward (29) 0.993 0.988 0.955 0.992
55614.14—southward (9) 0.988 0.984 0.988 0.997
55614.15—northward (7) Not significant Not significant Not significant Not significant
55615.14—southward (21) 0.953 0.948 0.961 0.976
Combined (66) 0.904 0.808 0.734 0.774

North Pacific Great White Sharks 19787.09 (13) Not significant Not significant Not significant 0.984
19787.10 (17) 0.926 0.925 0.778 0.988
19787.11 (16) 0.664 0.671 Not significant 0.995
19787.12 (8) 0.996 Not significant Not significant Not significant
20720.09 (10) 0.981 0.982 Not significant 0.893
20720.10 (17) 0.794 0.811 0.706 0.991
20720.11 (30) 0.847 0.905 0.517 0.825
Combined (111) 0.542 0.462 0.146 0.491

All Great White Sharks Combined (177) 0.529 0.540 0.380 0.626

North Pacific Northern Elephant Seals 13365.04 (35) 0.974 0.921 0.572 0.994
39454.04 (39) 0.938 0.826 0.635 0.984
39455.05 (37) 0.971 0.936 0.792 0.984
62036.11 (28) 0.911 0.776 0.778 0.995
Combined (139) 0.824 0.702 0.442 0.869

All Populations Whole Route Fidelity Dataset (452) 0.280 0.332 0.211 0.688

(n) Corresponds with the number of average daily locations included in the open-ocean route fidelity movement analyzed. Gray shading highlights the largest correlation coefficient
determined for each route fidelity movement. Bold-face and italicized font indicates the second largest correlation coefficient determined for each route fidelity movement.

pattern persists despite temporal separations between individual
tracks as long as 7 years. Although these magnetic inclination
vs. moon illumination trajectories are highly unexpected, they
are consistent with the synodic and semi-synodic periodicities
revealed by spectral analysis.

Perhaps even more surprising, however, is the finding that the
route fidelity movements of individual species appear to overlap
despite extreme geographic separations between the different
populations studied. For example, both the South Atlantic and
South Pacific humpback whale route fidelity tracks, and both
the South Pacific and North Pacific great white shark route

fidelity tracks, describe near continuous magnetic inclination
vs. moon illumination trajectories (Figures 5A-D). Six of the
seven humpback whale movements we report departed coastal
breeding grounds, in areas with magnetic inclination values ca.
—38 to —39°, within a few days of full or new moon (Figure 5A).
Similarly, most of the South Pacific and North Pacific great white
sharks arrived at, or departed from, coastal locations in Australia
or Mexico, in areas with magnetic inclination values ca. +53 to
+55°, within a few days of full or new moon.

Sinusoidal regression with respect to the moon illumination
cycle reveals that magnetic inclination is the strongest magnetic

Frontiers in Marine Science | www.frontiersin.org

10 December 2017 | Volume 4 | Article 422


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Horton et al. Marine Megafauna Route Fidelity

A B
s Samoa C -30.00
c c
9 Rarotonga & 9
= Brazil .
© ©
2 -45.00 g -45.00
) ©
£ : £
;g -60.00 —F==— South Atlantic g -60.00
[T} Feeding Grounds Q
c i c 1 N
o) > L)
© ©
S .75.00 S .75.00
T 1 1 1
0 0.5 1 0 0.5 1
Moon lllumination Moon lllumination
1 0.5 (]
(o} D
| |
30.00 30.00
5T 5T | By
== s £ [
Eo g0
= 5 45.00 = 5 45.00 —
© ©
£ > £> .
[T ] 0o
s § 60.00 = § 60.00 —|
c 8 c 8
58 g8 ] —
R A—— == 7500 -
T 1
0 0.5 1
Moon lllumination Moon lllumination
1 0.5 0
E F | l
s~ 30.00 s~ 30.00
c B c il
2 S
® ©
s 45.00 < 45.00
© i ) i
c c
— Aiio Nuevo -
© 60.00 © 60.00
- b |
(7] J (7]
5 5
© Gulf of Alaska <
S 75.00 S 75.00
I I I I
0 0.5 1 0 0.5 1
Moon lllumination Moon lllumination

FIGURE 5 | Magnetic inclination vs. moon illumination plots. (A,B) Humpback whales in the South Atlantic and South Pacific Oceans, (C,D) great white sharks in the
South Pacific and North Pacific Oceans, (E,F) northern elephant seals in the North Pacific Ocean. Symbols as in Figures 1-3. In (B,D,F), average daily location
symbols have been removed, and the tracks of PTT numbers 87769.08, 120946.14, 55614.15, 55615.15, 19787.10, 19787.11, and 39455.05 are plotted against
the upper reverse moon illumination axis. These seven tracks are thus mirrored across the 0.5 (i.e., 50%) moon illumination value. (B,D,F) are included in order to
show the symmetrical in-phase or antiphase distribution of the data with respect to the synodic cycle. These 7 mirror-image tracks are plotted as lighter colored lines.
All other tracks (n = 15) are plotted against the lower moon illumination axis and are shown as darker colored lines. Magnetic inclination values in (C,D) are plotted as
absolute values due to the fact that the two white shark populations reside in opposite magnetic hemispheres. Magnetic inclination axis values span the same range in
all panels to facilitate comparisons between the three species.
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spherical coordinate predictor of individual and population-
level route fidelity movements (Table 2). However, these same
movements also exhibit significant sinusoidal correlations with
respect to both magnetic field intensity and magnetic declination
in the majority of tracks analyzed (Table2). Thus, it is not
possible to conclusively rule out potential roles for any of the
spherical magnetic coordinates in whale, shark or seal navigation
based on these analyses alone.

However, magnetic inclination explains a higher proportion
of the sinusoidal regression model variance at the individual
track level (median = 96%; average = 93%; range = 83-99%;
SD = 4.2%; n = 19) than magnetic field intensity (median
= 92%; average = 84%; range = 42-99%; SD = 16.4%; n =
19) or magnetic declination (median = 79%; average = 80%;
range = 52-99%; SD = 14.2%; n = 17). In contrast, when all
of the route fidelity tracks from all populations of all species
are combined, magnetic field intensity is the strongest magnetic
coordinate predictor, explaining 33% of the model variance
(Table 2), followed by magnetic inclination (28%) and magnetic
declination (21%).

Movements in Gravitational Coordinates
G-space plots of marine megafauna route-fidelity migrations
reveal that these long-distance open-ocean movements describe
highly symmetrical trajectories (Figure6) not unlike the
magnetic inclination trajectories reported above. Several aspects
of these results are notable.

First, all three South Atlantic humpback whales departed
the southeast corner of Abrolhos Bank (ca. g+gp = 978.7 to
978.8 Gal) at antithetical positions of the synodic cycle, 2-3 days
prior to full or new moon (Figure 6A). These whales maintain
this symmetry, about a quarter moon (i.e., 0.5 or 50% moon
illumination) mirror plane, throughout their migrations toward
higher-latitude feeding grounds (Figure 6B). For example,
88760.08 and 87769.08 both pass the gravitational half-way
point in their migrations (ca. gr+gg = 980.42 Gal; —33.1°W;
—37.4°S) when the moon is either full or new (Figure 6A). This
spatiotemporal symmetry is a direct consequence of the fact that
all three whales systematically reduced their swimming speeds
by ~1.5-2.0 km/h as they approached the gravitational half-way
point of their southward migrations (Figure 6A).

Second, similar symmetrical g-space trajectories are present
in the four South Pacific humpback whale route fidelity tracks
(Figure 6A). Despite migrating at distinctly different calendar
dates across a 7 year period, all four whales departed Rarotonga,
Cook Islands (ca. —159.8°W; —21.2°S) at antithetical positions
of the moon illumination cycle within hours of full or new
moon. All four whales arrived off the southeast coast of Tutuila,
American Samoa (ca. —170.8°W; —14.4°S), near the subsequent
full or new moon (Figure 6A). As recognized in the South
Atlantic dataset, these movements are symmetrical across the
gravitational half-way point (ca. 979.01 Gal; —167°W; —16.3°S in
geographic coordinates; Figure 6B). This symmetry exists despite
each whale: (1) following slightly different routes during the
first week of their movements to Tutuila (Figure 1B); and (2)
swimming at different speeds during different stages of their
movements (Figure 1B).

Third, although the great white shark tracks we analyzed
predominantly demonstrate intra-individual route fidelity, these
tracks have many of the same characteristics as the humpback
whale movements when plotted in gravitational coordinates
(Figure 6C). For example, during its near-identical 2014 and
2015 northward migrations to Australia, white shark 55614
departed southwest New Zealand within 24 h of the July, 2014,
full moon and the August, 2015, new moon. During these
geographically coincident northward migrations, 55614 passed
the g +gp midpoint value of 980.42 Gal within 24 h of both the
July, 2014, new moon and August, 2015, full moon (Figure 6D),
at a geographic position located ~350km southeast of Sydney,
Australia. During its intervening 2014 southward migration,
55614 passed the same 980.42 Gal gravitational midpoint
within 24h of the December, 2014, new moon (Figure 6C)
at a geographic position located ~500km east of where it
passed the same g-space midpoint during its northward passage
(Figure 2A).

Despite following distinctly different northward and
southward geographic coordinate routes during its seasonal
migrations between New Zealand and Australia (Figure 2A), the
g-space trajectories of white shark 55614’s movements are all but
indistinguishable from the g-space trajectories followed by three
South Atlantic humpback whales (Figure 6A) and at least one
other south Pacific white shark (PTT 55615; Figures 6C,D). Our
analyses further show that South Pacific white sharks 55614 and
55615 followed diametrically opposed g-space trajectories during
their 2014 return migrations from Australia despite performing
these migrations approximately 15 days apart (Figures 6C,D,
Figure S1C).

Fourth, the seven examples of intra-individual route fidelity
performed by the two North Pacific great white sharks
tagged off Guadalupe Island provide further empirical evidence
of the observed pattern of symmetrically distributed route
fidelity movements in gravitational coordinates (Figure 6C). For
example, every year between 2009 and 2012, white shark 19787
swam a near-identical route from Guadalupe Island to the SOFA
(Figure 2B), passing the gr+gp midpoint (ca. 979.47 Gal) of
its migration route near the: (1) January, 2009, new moon; (2)
January, 2010, full moon; (3) February, 2011, full moon; (4)
January, 2012, new moon (Figures 6C,D). Similarly, great white
shark 20720 passed the same g +gp midpoint (ca. 979.47 Gal)
within 48 h of both the March new moon and the April new moon
during its 2009 and 2011 migrations to the SOFA, respectively
(Figures 6C,D).

Fifth, g-Space plots of the near-identical routes followed by
four North Pacific northern elephant seals further reinforce the
movement patterns described above. All four seals followed g-
space trajectories that were highly symmetrical across the gi+gg
gravitational mid-point between Ao Nuevo and the Aleutian
Trench (ca. 981.1 Gal; Figure 6E) despite departing the coast
at Afio Nuevo State Park at distinctly different positions in the
moon illumination cycle. These same g-space trajectories are also
highly symmetrical across a mirror plane projected through the
50% moon illumination position in the synodic cycle (Figure 6F),
not unlike the pattern present in both the humpback whale and
white shark trajectories. These mirror-image g-space trajectories
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are present due to the fact that all four seals passed the latitude
and bed-rock dependent 981.1 Gal position within 6-h of a
quarter-moon (Figures 6E,F) despite these movements being
separated by as much as 7 years in time.

As part of our analysis of the recurrent pattern of symmetrical
g-space trajectories observed in all three species, we tested the
gravitational datasets for significant correlations using sinusoidal
regression. Like we found for the spherical magnetic coordinate
movement trajectories, sinusoidal regression of the gravitational
trajectories demonstrates that latitude and bedrock dependent
gravity is a strong predictor of the individual route fidelity
movements (median = 98%; average = 97%; range = 83-99%;
SD = 4.1%; n = 20; Table 2). The highly symmetrical in-phase
or antiphase g-space trajectories we report reinforce the strong
inter-annual pacing of route fidelity movements with respect to
the moon illumination cycle (Figure 6).

Our results demonstrate that the spatially dependent
gravitational cue, gr+gg, is a stronger predictor than spherical
magnetic coordinates at the individual animal, population,
species and inter-species levels (Table2). This unexpected
finding is supported by the facts that: (1) gravity is the strongest
predictor of 15 of the 22 route fidelity movements we analyzed,
whereas magnetic inclination is only the strongest predictor
for 4 of the individual movements (Table 2); (2) gravity is the
strongest route fidelity movement predictor for 3 of the 5 marine
megafauna populations we studied (Table 2); (3) gravity is the
strongest predictor of the route fidelity movements of all three
species (Table 2); (4) gravity cues explain 69% of the sinusoidal
regression model variance when all of the route fidelity data are
concatenated, whereas magnetic inclination only explains 28%
of the variance (Table 2; Figure 7).

DISCUSSION

Geophysical Navigation

None of the significant correlations we report demonstrate
causality between geophysical orientation cues available from the
environment and navigational decisions. Such causal relations
can only be established by experimental testing under controlled
conditions. However, the strong and systematically patterned
correlations we report can be used as an empirical data-based
platform from which hypotheses can be proposed.

For example, magnetic coordinate projections of an animal’s
repeated utilization of a well-defined geographic coordinate
migration route will describe distinctly different magnetic
coordinate trajectories due to changes in Earth’s main magnetic
field through time. Yet, the opposite scenario is also true.
The geographic coordinate paths followed between migratory
destinations might instead systematically shift through time
in response to magnetic secular variation in situations where
magnetic cues are the primary source of orientation information.
Thus, the extent to which an individual migrant uses magnetic
cues for navigational purposes can be further explored through
multi-annual tracking of long-lived individuals. For large and
elusive species that are difficult to study under controlled
conditions, long-term repeat tracking represents an important
opportunity to better understand their navigation at sea.

The widespread deployment of PTT tags on animal migrants
facilitates longitudinal studies, and long-term tracking studies are
viable for some species (e.g., Berthold et al., 2004; Alerstam et al.,
2006). Based on the empirical results presented in the current
study, we hypothesize that the magnetic coordinate trajectories
followed by individual migrants over multiple migratory cycles
will describe overlapping and symmetrically distributed paths
when plotted against the moon illumination cycle despite
changes in the raw geocentric magnetic coordinate values caused
by secular variation of the magnetic field. If true, this hypothesis
would provide evidence in support of temporally modulated
navigation with respect to Earth’s magnetic field. Given the
relatively small changes in magnetic field conditions from 1 year
to the next, tracking studies that span a decade or more will
produce the strongest results.

With respect to gravity, the possibility that animal navigation
is informed by cues derived from Earth’s spatially and temporally
dynamic gravitational field was suggested at least 40 years
ago (Larkin and Keeton, 1978). However, the possibility that
animal orientation is informed by gravitational cues remains
largely untested. The empirical results we present suggest
further experiments, like those performed by Blaser et al.
(2013, 2014), Fisahn et al. (2015), and Cresci et al. (2017) will
improve our understanding of the role, if any, gravity plays
in animal orientation. We particularly encourage experimental
tests on model organisms (e.g., zebrafish, Danio rerio; honey
bees, Apis mellifera; eels, Anguilla spp.) that are sensitive to
both magnetic (Kirschvink, 1981; Tesch et al.,, 1992; Osipova
et al,, 2016) and gravitational cues (Korall and Martin, 1987;
Moorman and Shorr, 2008; Cresci et al., 2017). Integrated
analysis of telemetry datasets will further help identify the
ways in which geophysical cues are used for navigational
purposes.

Long-distance inter-hemispheric migrants are also attractive
targets for future studies. The presence or absence of symmetrical
magnetic or gravitational coordinate movement trajectories
across either of the spatially distinct magnetic or geographic
equators has the potential to provide significant insight into
how navigation is performed. The variable separation between
the magnetic and gravitational equators at different longitudes
presents additional opportunities to determine if emergent
patterns in magnetic or gravitational trajectories are reproducible
between tracks of related species that separately migrate across
the Pacific and Atlantic Oceans.

Tests for non-random and reproducibly patterned movement
trajectories, such as the symmetrical geometry of the g-space
trajectories we report, can also be more deeply explored for
a variety of geophysical and astronomical orientation cues in
migratory domains with distinctly different cue distributions. For
example, animals that migrate through middle latitude positions
from higher or lower latitude habitats are particularly attractive
due to the eccentric and anomalous geometries of magnetic,
gravitational and astronomical cues through both space and
time. Specific targets for future research in this area might
include comparisons between populations that migrate across
the South Atlantic magnetic anomaly vs. other ocean basins
(Figures S3-S8).
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Our analyses suggest that gravity might play an important
role in long-distance animal navigation, either in concert with
magnetic cues or in isolation. Confirming and elucidating this
role requires integrated experimental testing and animal tracking.
We hypothesize that spatially dependent gravity cues, when
plotted against temporally dependent gravity cues, such as
tidal gravity, will describe reproducible movement trajectories
at the individual level. We further hypothesize that similarly
reproducible movement trajectories will be less pronounced,
if not absent, when the same individual’s movements are
analyzed with respect to other geophysical and astronomical
cue/coordinate systems.

Route Fidelity vs. Non-route Fidelity

Although this study specifically addresses route fidelity
movements, it is important to consider whether or not non-route
fidelity movements describe geophysical coordinate trajectories
that are similar to the route fidelity movement trajectories we
report.

Perhaps one of the most unexpected results animal tracking
studies have revealed is the extreme diversity in movement
trajectories followed by animal migrants when plotted in
geographic coordinates (e.g., Block et al., 2011). Few individuals
follow the same path. Our research reinforces this observation:
of the animals we tracked, we found only 13% (i.e., 15 out of 113
individuals) achieve intra- or inter-individual route fidelity.

However, our dataset may underestimate the prevalence of
route fidelity due to the fact that the vast majority of the
individuals we tagged were tracked for only one migratory cycle
or less. It is also possible that our use of two-dimensional
geographic coordinate space projections, when classifying
movements as either route fidelity or non-route fidelity, is
a flawed approach. Perhaps geographically distinct individual
movements become more alike when they are viewed from a
different perspective? In an effort to explore this possibility,
we compared route-fidelity to non-route fidelity movement
projections in geophysical coordinates.

Non-route fidelity humpback whale geophysical coordinate
trajectories (Figures S2A,B) have a similar overall sinusoidal
shape and pattern as the route fidelity tracks from the same
population (Figures 6A,B, 7A,B). These similarities include
multiple segments of both magnetic and gravitational coordinate
non-route fidelity movement trajectories that overlap the route
fidelity movements for extended periods (Figures S2A,B).
However, there are also periods, spanning several days of animal
movement, during which the non-route fidelity geophysical
coordinate trajectories do not overlap the route fidelity
trajectories (Figures S2A,B).

The non-route fidelity great white shark trajectories show
a similarly ambiguous pattern. These tracks describe largely
coincident magnetic and gravitational trajectories during the
first-half of the northward movements away from New Zealand
for both sharks, yet, distinctly different trajectories in the second-
half of the northward movements (Figures S2C,D). Similar
variations are also apparent during the southward movement of
55612.13 (Figures S2C,D).

Similarly equivocal patterns are also present in the non-
route fidelity northern elephant seal trajectories. In this case,
neither of the non-route fidelity tracks overlap the magnetic
coordinate route fidelity trajectories (Figure S2E). However, in
marked contrast to the magnetic trajectories, both of the non-
route fidelity tracks extensively overlap with the gravitational
route fidelity trajectories (Figure S2F).

The varying degrees of similarity between non-route fidelity
geophysical coordinate trajectories and route fidelity trajectories
suggests that the navigational system(s) being utilized are
calibrated at the individual level.

To explore this possibility, we normalized both magnetic
inclination and gr +gp values to the values present in core areas
inhabited by each individual immediately prior to the onset
of long-distance movement. For the northern elephant seals,
magnetic inclination and gr+gp values were normalized to the
values present at Afio Nuevo State Park, California, U.S.A. For
the South Pacific great white sharks and the South Atlantic
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FIGURE 8 | Site-normalized South Atlantic humpback whale magnetic inclination and gravitational trajectories. In this figure geocentric magnetic inclination and
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open-ocean migration at the individual level. Site-normalized magnetic inclination (A) and gravitational acceleration (B) values are displayed as percentages and are
plotted against the moon illumination cycle as in Figures 5-7. Route fidelity movements are shown as light blue lines and non-route fidelity movements are
symbolized as indicated in the figure legends. Non-route fidelity track symbol colors correspond with day of the year and exceed 365 days when the tracked
movement spanned Julian calendar years.
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Julian calendar years.
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humpback whales, magnetic inclination and g +gp values were
normalized to the values present at each individual’s last known
continental shelf location prior to the onset of open-ocean
migration. The South Pacific humpback whale and North Pacific
great white shark tracks were not included in this analysis
due to uncertainties regarding departure site locations for these
individuals.

When compared to site-normalized route fidelity migrations,
the site-normalized non-route fidelity geophysical coordinate
movement trajectories exhibit several distinctive features
(Figures 8-10). First, site-normalized non-route fidelity
magnetic inclination trajectories generally do not overlap
with route fidelity magnetic inclination trajectories. Second,
site-normalized magnetic inclination trajectories exhibit limited
symmetry across the 50% moon illumination mirror plane
(Figures 8A, 9A, 10A). Third, both site-normalized route fidelity
and site-normalized non-route fidelity gravitational coordinate
trajectories predominantly plot as either overlapping in-phase or
anitphase sinusoids for all three species (Figures 8B, 9B, 10B).
Fourth, in comparison to the magnetic inclination trajectories,
site-normalized ~gravitational trajectories exhibit a more
pronounced symmetry across both the gr+gp midpoint values
in the migratory domain utilized by each species and the 50%
moon illumination mirror plane (Figures 8B, 9B, 10B).

The systematic nature of the highly symmetrical
site-normalized trajectories shown in Figures 8-10 suggest

there is a temporally modulated triggering and/or pacing to
long-distance migratory movement behavior. Considering the
high specific gravity and extreme crystallographic symmetry
of magnetic biominerals, we hypothesize that exogenous
magnetic and gravitational cues are integrated components of
a spatiotemporal orientation system that is calibrated at the
individual level.

Future Directions

Knowledge gaps in our understanding of how animals navigate
limit our ability to assess and anticipate the sensitivity of
migrating animals to perturbations resulting from environmental
change, anthropogenic activities, and predator-prey distribution
(Hays et al, 2016). Empirical approaches, such as animal
telemetry, can be used to develop and assess data-based
models of animal movement, with the strongest models
creating opportunities to inform conservation and management
decision making with respect to both space and time.
At a fundamental level, telemetry studies remain uniquely
powerful ways to inform marine conservation through data-
based demonstrations of when and where marine megafauna
are located across vast expanses of open-ocean (Shillinger
et al, 2008; Gredzens et al, 2014; Maxwell et al, 2016;
Dawson et al, 2017). Technological advances in animal
telemetry, combined with advances in remote sensing (e.g.,
Figures S3-S8), have created unprecedented opportunities
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FIGURE 10 | Site-normalized North Pacific northern elephant seal magnetic inclination and gravitational trajectories. In this figure geocentric magnetic inclination and
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plotted against the moon illumination cycle as in Figures 5-7. Route fidelity movements are shown as dark green lines and non-route fidelity movements are
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to retrospectively extract and analyse the geophysical and
oceanographic conditions experienced by individual migrants
during long-distance migration. Integrated analysis of the
data produced by satellite telemetry and remote sensing tools
strengthens our understanding of movement behavior at the
individual scale.

The data and analyses we report provide a platform for future
research that specifically targets both the spatial and temporal
aspects of long-distance animal migration. The recently proposed
“chord and clock” model of animal navigation (Horton et al.,
2014) explicitly includes exogenous temporal cues, consistent
with the highly correlated movements we report here. The
integrated spatiotemporal perspective that defines the “chord and
clock” model provides a novel parallel to the widely accepted, yet
purely spatial, positional and directional orientation frameworks
proposed by Griffin (i.e., Type III “true” navigation; Griffin, 1952)
and Kramer (i.e., “map and compass” navigation; Kramer, 1961).

Future research on the biogeophysics of animal navigation
will facilitate the development of a mechanistic understanding
of how animals find their way. Given the speed at which
oceanic environments are currently changing, technologically-
driven data-based tests of the observation that geophysical cues
are strong predictors of the open-ocean movements of diverse
marine megafauna are urgently required.
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NOMENCLATURE

Anomalistic month—the period required for the moon to return
to perigee following the preceding perigee (average = 29.6 days)
Apogee (lunar)—the point in its orbit at which the moon is
farthest from Earth

Bouguer gravity anomaly (spherical)—location dependent
difference in gravitational acceleration between normal gravity
and observed gravity caused by variations in the shape and
density of Earth (for a more explicit definition, see Balmino et al.,
2012)

D (magnetic declination)—location dependent angle in the
horizontal plane between Earth’s magnetic field and geographic
north expressed positive to the east

Declination (lunar)—angle between the moon and the celestial
equator

F (magnetic field)—location dependent magnetic field flux
density (informally: intensity) of Earth’s magnetic field expressed,
in Standard International Units, as nanotesla (nT); radial distance
coordinate {p} in spherical coordinate space {p, 6, ¢} descriptions
of Earth’s magnetic field

Gal—unit of gravitational acceleration (1 Gal is equivalent to 1
cm s 2)

gp—spherical Bouguer gravity anomaly

gr—latitude-dependent gravitational acceleration

H (magnetic)—horizontal component of Earths magnetic
field (F)

I (magnetic inclination)—location dependent angle in the
vertical plane between Earth’s magnetic field and the horizontal
(expressed positive downwards)

Perigee—the point in its orbit at which the moon is closest to
Earth

PTT—platform transmitting terminal

Sidereal month—the period required for the moon to complete
one full orbit relative to a fixed star’s position (average = 27.3
days)

SPOT—smart position or temperature transmitting tag
Synodic—the period required for the moon to complete
one full illumination/phase cycle (average 29.5
days)

Tropical month—the period required for the moon to complete
one full orbit relative to the ecliptic (average = 27.3 days)

X (magnetic)—geographic north-south component of Earth’s
magnetic field (F) in the horizontal plane

Y (magnetic)—geographic east-west component of Earths
magnetic field (F) in the horizontal plane
Z (magnetic)—vertical component

field (F)

of Earths magnetic
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