OCEANOGRAPHIC AND GEOMAGNETIC INFLUENCES
ON SEA TURTLE MIGRATIONS

Nathan Freeman Putman

A dissertation submitted to the faculty of the University of North Carolit@hapel Hill in
partial fulfillment of the requirements for the degree of Doctor of Philosapthei
Department of Biology (Evolution, Ecology, and Organismal Biology).

Chapel Hill
2011

Approved by:

Dr. Kenneth J. Lohmann
Dr. John M. Bane

Dr. John F. Bruno

Dr. William M. Kier

Dr. Thomas J. Shay



© 2011
Nathan Freeman Putman
ALL RIGHTS RESERVED



Abstract
NATHAN F. PUTMAN: Oceanographic and Geomagnetic Influences on Seig Migration
(Under the direction of Dr. Kenneth J. Lohmann)

The research presented here explores the migratory behavior oftlesaftoim behavioral,
ecological, and evolutionary perspectives. Turtles display long-distaigcatory movements at all
stages of their lives; as hatchlings they migrate offshore fresting beaches, as juveniles they
navigate oceanic gyres, and as adults they move between foraging@ulicéve grounds. For
each of these migrations | examine how behavioral processes mediatsdale biogeographic
patterns.

Analyses revealed a relationship between sea turtle nest abundanckslame: @iceanic
conditions. A disproportionate number of nests were deposited on beaches arauoents that
facilitate the successful migration of hatchling turtles. Thisimggattern may persist through time
because turtles return to nest near their natal beaches; thushatgmeduce the most surviving
hatchlings and juveniles might also have the highest number of adultsrigtiarmest.

Laboratory experiments demonstrated that young turtles are capafiteagting latitudinal
and longitudinal information from the earth’s magnetic field to asthesr position along their open
ocean migration. Computer simulations indicated that even limit@dming in response to these
magnetic cues exerts considerable influence on the open-ocedntiggirof turtles. Specifically,
magnetic navigation behavior appears to increase the number «f toafencounter high-
productivity foraging grounds and decrease the number that enter or remaiaptirmaboceanic

regions. Additionally, the synthesis of results from a decade of lmFhbakssays on magnetic



navigation in turtles, combined with geomagnetic and ocean circulatidelg) provided the first
quantitative insight into how environmental conditions select forubkigon of this behavior.
Finally, geomagnetic models were used to explore the long-standingrimgshow female
turtles return to their natal beach after dispersing thousandewifdters over a decade or more.
Analyses indicate that a simple strategy of imprinting on the magredtiof the natal site and using
this information to return at maturity can account for the known homing fmecitseveral different
species of sea turtles. Moreover, the predictions from this hypo#resisnsistent with the
population structure for numerous sea turtle nesting assemblagestherassid, as well as other

spatiotemporal patterns in nest abundance.



Ceci nest nas une fufle.

La trahison des images
René Magritte
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CHAPTER 1

INTRODUCTION

The movement of organisms is a fundamental component of nearly all ecotogical
evolutionary processes, providing insights into phenomena at all Iéustsdaygical organization
from physiology and behavior of individuals to broad-scale biogeographéma{tNathan 2008;
Nathan et al. 2008). For example, the amount of gene flow among populations &ppedesgely
controlled by the movement capacity of a species (i.e. vagility). &pedih a greater capacity for
movement typically have increased gene flow among populations whessasdgle species tend to
have more structured populations (McCracken et al. 1994; Hamrick & Godt 139&Y).e&ult, over
evolutionary timescales, organisms with low capacity for movement maypteelikely to evolve
adaptations to localized selective agents (e.g. the environment, spenifietitors, certain predators,
or a specialized food source) which could eventually lead to speciation. In cqrarasixia
(random mating throughout a species’ range) is likely to occupfmias with high movement
capacity and local adaptations may be less likely to evolve (2@68).

However, exceptions to this generalization on the relationship betweefi@mered species
vagility are common. Although some exceptions can be attributed todastmarriers to gene flow
that are no longer present, many exceptions result from the diredtimfalrganism locomotion
(Avise 2009) or the directionality of environmental factors such as oceamtsuand wind (Treml et
al. 2008). Biases in the direction of organism movement frequently confloeiisémple model of
gene flow among populations being a function of geographic distance and dispétgdPaise

2009). These discrepancies suggest that, along with movement capapigies, a key aspect of



organism movement is that it is inherently directional. Thus, ddtatamination of the
environmental and biological factors that promote, impede, and directioreslyhig movement of
organisms is likely to provide the optimal framework for studying eccédgind evolutionary
phenomena (Alerstam et al. 2003; Holyoak et al. 2008; Bowlin et al. 2010).

In studying the complexities of organism movement, long-distance migratonglarhave
proven to be excellent model systems (Alerstam 2006; Akesson & Heiter2107; Nathan 2008).
The clear directionality of migration can often be highly amenable to hgpistgeneration and
experimentation with regard to the factors that animals use tedbs@sposition and orient their
movements. Additionally, the extensive distances traveled by midraimgo highlight how
movement is a crucial component of energy acquisition, reproduction, and theoevof traits
associated with these tasks (Alerstam et al. 2003; Akessond&nidgém 2007). Likewise, the
specialized adaptations in behavior and physiology that permit migoasusdessfully navigate
across heterogeneous landscapes provide opportunities to explore how the mho¥émiévidual
organisms varies depending on environmental conditions.

From a phylogenetic perspective, migrants are not very differentrfooamigratory animals.
Indeed, sister taxa or even populations within a species may diffelygnetiie degree of migratory
behavior (Mettke-Hoffman 2003; Alerstam 2006). This fact suggests thatlfipgations for long-
distance movement are likely to be simple extensions of the chistacsehat control more localized
movements and are thus useful for conceptually understanding the movenmentanafjrant species
as well (Grinnell 1931; Alerstam 2006). Studies of long-distance anmgahtion can even provide
insight into the movement process of phylogenetically distant taxa suchesaid fungi that lack
neuromuscular systems. Although such organisms might be dismissed aslenohgabcted
movement, they have nonetheless evolved diverse and numerous ads i allow them to bias
how and when they travel (typically as seeds or spores) (Holyoak et al. ZB08)n turn results in
highly non-random distributions, which can be similar to those observecialarthat take a more
active role in the movement process (Levin et al. 2003; Wright 2068).

2



In my dissertation | address unresolved issues fundamental to animal embyparticularly
in long-distance migrants. Among these are the following: (1) the at&vigl mechanisms that guide
long-distance movements; (2) how the mechanisms used influence the path & andrerrors in
navigation; (3) how environmental constraints on migration influencevitiaten of navigation
strategies; and (4) the ecological and evolutionary implieatad migrations for populations. |
explore these questions by studying diverse aspects of the migrataxjdoeh sea turtles. The
broad and multidisciplinary approach | present here is unified by the goalcobites how the
directed movement of individuals shapes the biogeographic patterns eximlsgedturtle species.

My dissertation is organized around three types of migrations thairlea undertake: (1)
the offshore migration of hatchlings from the natal site; (2) thegjwelaraging phase of juveniles;
and (3) the return to the natal site by adults for reproduction. Each migigthe focus of a single
chapter that is further subdivided into sections that representsprdiading insight into the
navigational mechanisms utilized by sea turtles during migration, aspfdbe physical environment
that shape turtle movement, and the population-level consequences arisingefiotaraction
between sea turtles’ migratory behavior and environmental factors.

Chapter two, “The offshore migration of hatchling sea turtles” comptigo sections that
examine patterns of nest abundance along the reproductive range of dééeréumtle species in the
context of oceanic conditions that promote or impede the hatchling migratimmteC three, “The
pelagic migration of juvenile sea turtles”, comprises fiveieas that examine how loggerhead sea
turtles Caretta carettd utilize the earth’s magnetic field to assess their posititindropen ocean to
direct their swimming. Additionally, | examine the ecological imglaras of magnetic navigation
and the oceanic and geomagnetic factors that shape the evolution of gsigma <hapter four,
“The magnetic imprinting hypothesis of natal homing” comprises tleet®oss that examine the
magnetic imprinting hypothesis of natal homing from navigational and ecal@grspectives. This
chapter addresses whether such a homing mechanism is compatible with known emtabnm
constraints and, if so, how this navigational mechanism would be expectedd@biyiggeographic
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and spatiotemporal patterns in sea turtle nesting. The final chapter pravidesder context for
these studies by highlighting the implications of my research to tdeofienovement ecology, as

well as potential applications to conservation and managementiveitisn sea turtles.



CHAPTER 2

THE OFFSHORE MIGRATION OF HATCHLING SEA TURTLES

Historically, the nesting beach has been the most studied habitat oftk=sa &nd yet no
research has been carried out to address what factors influencevapitadn in nest density across
the reproductive grounds of any sea turtle species. Instead, resear@nrtordethe factors that
influence the spatial distribution of sea turtle nesting hasliafgeused on environmental parameters
that ensure successful incubation (e.g. appropriate temperature, substiature, etc.) at individual
nesting beaches (Carthy et al. 2003; Miller et al. 2003). Howevedathdrom these studies are
often conflicting and an unambiguous picture of what drives the spatidbudiiisin of nesting has yet
to emerge at the scale of the nest site (Miller et al. 2003). Itnsfeine difficult to extrapolate from
these fine-scale studies what influences variation in nesting abundaose the nesting range of any
sea turtle species.

Extensive monitoring of sea turtle nesting shows that some areas consisgathigher
numbers of nests than others (Ehrhart et al. 2003). In this chapter | pl@riitsttconceptual model
that accounts for the variation in nest density across the nesting ramgessfa turtle species. While
there are certainly many factors that contribute to the observed pgétiiein in marine turtle nesting,
| show that characteristics of the ocean rather than the bedikebreo exert the greatest influence
the nesting distribution.

Immediately after emerging from underground nests, hatchling loggerbeaasble to the
ocean and migrate seaward, using visual cues, ocean waves, and the Eanétg mielg to stay on
course (Lohmann & Lohmann 1996). During the offshore migration, hatchlings rely onatlkeir y

sacs for sustenance and do not feed for several days. It is thought thalegavolved this



behavior to escape intense predation that occurs over the continentahshtelfaccess distant high-
productivity foraging grounds (Wyneken & Salmon 1992).

Because sea turtles return to nest in the vicinity of their natahpeesting locations that
allow for the survival of more hatchlings should result in a greater nuofilaglults returning to nest
(Bowen & Karl 2007; Lohmann et al. 2008a). Thus, in principle, locations wherettigimg
migration is facilitated might accumulate higher nesting abundamepased to locations where the
migration is impeded. In this chapter | present evidence that sugfgssbeaches in close proximity
to oceanic currents that aid hatchling migration have higher nest abartiandeaches where

turtles must swim farther to reach favorable currents.



Is the geographic distribution of nesting in the Kemp’s ridley sea turtle
shaped by the migratory needs of offspring?

Summary

Across the geographic area that a species uses for reproductiomgte afebreeding
individuals is typically highest in locations where ecologicaldescpromote reproductive success.
For migratory animals, fitness depends, in part, on producing offspringitpette successfully to
habitats suitable for the next life-history stage. Thus, naturat®elanight favor reproduction in
locations with conditions that facilitate the migration of offspring.irfiMestigate this concept, the
Kemp's ridley sea turtleLepidochelys kempiivas studied to determine whether coastal areas with
the highest levels of nesting have particularly favorable conditiortgatohling migration. The
passive drift of young Kemp's ridley turtles was modeled from seven nesgians within the Gulf
of Mexico to foraging grounds using the particle-tracking program ICHDRYand surface-current
output from HYCOM (HYbrid Coordinate Ocean Model). Results revdakgdyeographic regions
with conditions that facilitate successful migration to foraging groundsalpihave higher
abundance of nests than regions where oceanographic conditions aredegddaand successful
migration is difficult for hatchlings. Thus, these findings are comsistith the hypothesis that, for
the Kemp's ridley turtle and perhaps for other migrants, patterns of aimendeross the breeding

range are shaped in part by conditions that promote or impede the successtidmog@tfspring.

Introduction

Across a species’ breeding grounds, abundance is patchy and typically imdbestions
where ecological factors promote reproductive success (Horrocks and S&bttMartin 1993;
Boulinier 1997). For migratory animals, part of what determines repredusiccess is whether
offspring successfully complete their first migration to a geogragigion that provides suitable
habitat for the next life-history stage. Thus, natural selection migbit &ults that reproduce in

geographic areas with conditions that facilitate the migration afybeing. For species in which



adults return to reproduce in their natal area (Bowen and Karl 2007; Lohmanr2e08), the
locations that produce the greatest number of surviving individuals mayimeecome to have
higher abundance due to the higher reproductive success of individuddeedgthin such places.
Patterns of distribution within breeding areas of migratory spedtigist thus remain relatively stable
over considerable periods of time.

This conceptual framework is explored in a migratory sea turtl&etimg’s ridley (epidochelys
kempi). This species nests mostly within a limited area of coastline arateoast of Mexico near
Rancho Nuevo (23.2° N, 97.5° W), but scattered nesting also occurs from Texas, U.S.kemsou
Campeche, Mexico (Marquez 1994; Plotkin 2007) (Fig. 2.1). Hatchlings entexatlaad
immediately migrate offshore to pelagic waters, thereby escagegmgsennearshore predation that
occurs over the continental shelf (Wyneken and Salmon 1992). After a periowyrtogn several
months to two years, turtles enter coastal foraging grounds (Zug et al. 199 &rAaml998;
TEWG 2000), typically either in the Gulf of Mexico between Texas and segthwn Florida or in
locations along the eastern U.S. coast from Florida to Nova Scotia (CarHiRelrand 1982;
Ogren 1989; Metz 2004; Geis et al. 2005). In these coastal areas, tuatgsfo benthic
invertebrates such as the blue cgallinectes sapidugShaver 1991; Werner 1994; Metz 2004). At
10-15 years of age, Kemp'’s ridleys return to their natal region te amat nest (Caillouete 1995; Zug
et al. 1997), after which they migrate back to distant foraging graamdisepeat this cycle every 1-3
years throughout their lives (TEWG 2000).

Although sea turtle nesting has been studied extensively in the contextl @reicanmental
variables associated with individual nest sites (e.g. Mortimer 1990p&ks and Scott 1991; Carthy
et al. 2003), little is known about factors that influence density of aestss regional scales (Miller
et al. 2003). Oceanic currents are likely to be of primary importandadititating young sea turtles’
migration to areas where juveniles forage (Carr 1980; Carr agthivi&980; Carr 1987; Collard and
Ogren 1990). Surprisingly, however, currents and their effects on hatchination have seldom
been incorporated into attempts to explain spatial patterns of nestilgystddy investigates whether

8



the regions within the Gulf of Mexico where most Kemp's ridleys nest haamographic
conditions that are particularly favorable for facilitating theratign of young turtles from their

natal beach to suitable coastal foraging grounds.

Methods

A simple model was developed to investigate whether differencelaiiveeabundance of
nests across the Kemp’s ridley nesting range can potentially benexplsy how well different
regions facilitate young turtles’ migration to their foraging grountie. Kemp’s ridley nesting range
was partitioned into seven regions: Texas (29°N, 94.3°W - 26°N, 96.55°W); North dididnevo
(25.75°N, 96.55°W - 24.25°N, 97.1°W); Rancho Nuevo (23.75°N, 97.3°W - 22.9°N, 97.3°W); South
of Rancho Nuevo (22.8°N, 97.2°W - 21.75°N, 96.95°W); Veracruz (21.3°N, 96.8°W - 18.95°N,
94.5°W); South Campeche (18.9°N, 94.5°W - 19.45°N, 91.5°W); and North Campeche (19.4°N,
91.4°W - 21°N, 90.95°W) (Fig. 2.1).

To simulate the movement of young turtles through the ocean Global HY E@htid
Coordinate Ocean Model) surface currents (O m depth) were used (Bleck 2082)0dlkB| has a
spatial resolution of 0.08° (~5-7 km) and a temporal resolution of one day. Yourg tuetle
simulated using the particle tracking program ICHTHYOP v. 2 (Lett @0&I8). Simulated turtles
were released in a zone 45-55 km offshore from each of the seven regionsce dista shore that
hatchling sea turtles are known to reach (Witherington 2002). One thousandesinmatethlings
were released at one-week intervals starting June 1 and continuing thubug (eight total release
events per year, per region). Turtles were allowed to drift pagdorlip to two years. HYCOM
output is available from 2004-2009; therefore two years of dispersal foyany cohorts of
hatchlings (2004 —2007) were simulated. The simulation for each year-eassplicated ten times.
Thus, the dispersal of 320,000 turtles was simulated from each of #rersesting regions.

Juvenile Kemp’s ridley turtles predominantly recruit to coastaers within the Gulf of
Mexico between Texas and southwestern Florida, or to areas alongttbeasa®f the U.S. and

9



Canada between Florida and Nova Scotia (Carr 1957; Hildebrand 1982; OgreiM&883004;

Geis et al. 2005). Some reports also suggest that young Kemp's ridley eaight to coastal areas in
Campeche Bay, Mexico (Marquez 1994). For purposes of analysis, the foraging grqumdsilefs
were partitioned into five coastal areas: (1) Campeche Bay; KAsTE€3) Louisiana — West Florida;
(4) East Florida — North Carolina; and (5) Virginia — Nova Scotiaes€ areas extended from the
coast across the continental shelf, to a depth of 200 m (Fig. 2.1). Becausewwrywtes are
unlikely to survive in nearshore waters due to intense predation (Catd Ogren 1990), turtles
could only recruit to a coastal region after reaching a minimum age of siksn@itnmerman 1998,
TEWG 2000). Additionally, a turtle had to remain in a region for three daysehiéteas considered
to have recruited there. Each turtle could only recruit to one region.

How well a region facilitates migration of young sea turtleskisyi determined by (1) how
quickly hatchlings get offshore (thereby minimizing time spent over théneotl shelf, where the
risk of predation is probably highest) and (2) the percentage of hatclilaigeach suitable foraging
grounds. Thus, for each region, measurements were taken of the percentagéatéd hatchlings
that reached pelagic waters (i.e., water with a depth > 200 m) withidldégar as well as the
percentage of turtles that reached known coastal foraging grounds (FigitBid Ywwo years.

A two-way ANOVA with replication determined whether there wereetiéhces among
nesting regions in the percentage of simulated turtles that readbgit peaters (within four days)
and coastal foraging grounds (within two years). To assess whichsdgenfacilitated this
migration, mean recruitment to pelagic habitat over the four yeamased as well as the mean
recruitment to foraging grounds were determined. In accordance with céhfisticedures
recommended by Hurlbert and Lombardi (2003) and Lombardi and Hurlbert (2009)jledo-ta
paired t-tests were used to compare each region with all others. Atsegralysis was conducted for
each of the two metrics. For each, regions were ranked relative to ohergtio¢ better a region
was at facilitating migration, the lower its rank). Regions thaewet significantly different shared
the same rank. In the event that regions 1 and 2 were not significantly diffederegions 2 and 3
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were not significantly different, but region 1 was significantly défé from region 3, then regions 1
and 2 shared the same rank and region 3 was given that rank plus 0.5. The mean of bo#sranks w
taken as the relative “migratory quality” of each region.

An additional analysis was carried out to assess patterns of movametite geographic
locations where juvenile Kemp's ridley turtles recruited to codséaling grounds. For simulated
turtles starting from each of the seven nesting regions, the mean peradrtates that reached

each of the five foraging areas (defined in Fig. 2.1 and in the text) weasnded.

40N \T

35N

30N

25N

20N

dilometers

T — T
100 W 95 W O W 85 W 80 W

Figure 2.1 Map of the study region. Alternating black andpstd lines along the western edge of the Gulf of
Mexico show the nesting range of the Kemp'’s ricieg delineate the seven nesting regions defindtkin
model. The regions, as labeled on the map, are T¥xas, NRN = North of Rancho Nuevo, RN = Rancho
Nuevo, SRN = South of Rancho Nuevo, VER = Verac8fz,= South Campeche, and NC = North Campeche.
Shaded areas along the coastline indicate thenmonitil shelf (depth < 200 m). Dark gray areas atdi&known

or suspected foraging grounds of juvenile Kempdéesis. Black lines extending from the coast actbes
continental shelf demarcate the partitioning offdraging grounds in the model (abbreviations @®:FG =
Campeche Bay foraging grounds; TX FG = Texas foiggrounds; LA-WFL FG = Louisiana - West Florida
foraging grounds; EFL-NC FG = East Florida - Ndgtrolina foraging grounds; and VA-NS FG = Virginia
Nova Scotia foraging grounds). Pelagic waters hosva in white (depth > 200 m).
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Results

The mean number of simulated turtles that reached pelagic habitat feithidays was
significantly different among nesting regions (ANOVA two-factothwieplication, k »s,= 130927, p
< 0.0001). Over the four years simulated, pelagic recruitment sucaedsghest for Veracruz,
Rancho Nuevo and South Campeche. Paired t-tests revealed no signifieaanckf between
Veracruz and Rancho Nuevo (p = 0.072) or Rancho Nuevo and South Campeche (p = 0.489),
although pelagic recruitment success was significantly higher teesdrom Veracruz than for
turtles from South Campeche (p < 0.0001). From other regions, approximately an ondgnittide

fewer simulated Kemp'’s ridley reached pelagic waters within foys ([Bable 2.1, Fig. 2.2).

Figure 2.2Graph of the mean
ab a percentage of simulated Kemp’s ridley
hatchlings from each nesting region

£

® 501

% l e b that reach pelagic habitat (water

:E, 40 A l deeper than 200 m) within four days.
5 Nesting regions indicated on the

< 30 horizontal axis correspond to the

'; abbreviations in Figure 1. Error bars
£ 5 represent the 95% C.I. of the mean.
S Bars marked by different letters are
§ significantly different (paired t-test,

o 107 ¢ d two-tailed, p < 0.05) whereas bars

2 e I_-_LI marked by the same letter do not differ
E (O r I_-—r_l T f significantly.

TX NRN RN SRN VER SC NC

The mean number of turtles reaching foraging grounds within two years wdkarghi
different among nesting regions (ANOVA two-factor with replicationzdz= 16890, p < 0.0001).
The regions with the highest percentage of turtles entering foragingds were South Campeche,
Rancho Nuevo, and Veracruz. Paired t-tests revealed no significantmlifdnetween South
Campeche and Rancho Nuevo (p = 0.105). However, turtles from South Campeche and Rancho
Nuevo had significantly higher recruitment success than did turtles froace (p < 0.001, p =
0.023 respectively). All other regions had significantly lower recruitrsectess than these three (p

< 0.001 for each comparison) (Table 2.1, Fig. 2.3).
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Figure 2.3Graph of the mean
percentage of simulated Kemp's
ridley hatchlings that recruit to
coastal foraging grounds within 2
years. Conventions as in Figure 2.

Table 2.1Mean percentage of simulated turtles that reachgiehabitat within four days and recruit to
foraging grounds within two years. Results areegifor each year and for each nesting region amtbased on
ten replicates for each year (see Methods for ldgt&lumbers in italics indicate the 95% C.I. foe tmean.

Year Texas North Rancho South Veracruz South North
RN Nuevo RN Campeche Campeche
P2e(|)24ic 158%  12.94% 35.06% 8.09%  57.84%  52.15% 0.0%
Habi?at (0.08%) (0.23%) (0.28%) (0.19%)  (0.45%)  (0.33%) (0.0%)
Fozrgo?n 3.55%  7.87% 22.53% 2.93%  14.65% 18.79% 8.35%
9N9  0.2206) (0.18%) (0.22%) (0.17%) (0.22%)  (0.43%) (0.18%)
Grounds
Pze(l)f?Sic 2.03%  4.98% 58.60% 1.43%  50.20% 23.66% 0.0%
Habi?at (0.10%) (0.17%) (0.33%) (0.12%) (0.51%)  (0.32%) (0.0%)
F(fg;?ng 3.74% 11.27% 18.19% 3.55%  17.50% 20.62% 14.27%
oIt (019%) (0.28%) (0.30)  (0.17%) (0.22%)  (0.30%) (0.30%)
Pzecl)SGic 1.86%  0.0% 0.0% 0.0%  3655%  41.62% 0.0%
Habi?at (0.11%) (0.0%)  (0.0%) (0.0%)  (0.34%)  (0.35%) (0.0%)
F(frgo?n 872%  0.09%  173%  055%  11.11%  31.27%  12.74%
9N9 0.20%) (0.03%) (0.09%) (0.07%) (0.27%)  (0.41%) (0.22%)
Grounds
Pi?gﬂc 237%  4.07% 6567% 7.78%  42.83%  26.51% 0.0%
Habi?at (0.07%) (0.19%) (0.39%) (0.24%) (0.47%)  (0.33%) (0.0%)
Fcfrgofn 17.02% 15.17% 3456%  7.29%  2051%  22.82% 7.98%
9NG  03206) (0.25%) (0.20%) (0.17%) (0.25%)  (0.25%) (0.22%)
Grounds
P'\gleaar;c 2.18%  550% 39.83% 4.33%  46.86% 35.99% 0.0%
Habi?at (0.17%) (152%) (8.30%) (1.18%)  (2.59%) (3.75%) (0.0%)
F(')V'rzairr‘] 8.26%  8.60% 19.25% 3.58%  15.94% 23.37% 10.83%
Grou%] dg (L77%) (1.80%) (3.81%) (0.78%)  (1.13%) (1.55%) (0.89%)
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Paired t-tests for the two migratory metrics (mean recruitmentagipeéhabitat and coastal
foraging grounds) and subsequent ranking of the seven nesting regions reatafed tte four
years modeled, Rancho Nuevo best facilitated the migration of thestuRBncho Nuevo was
followed closely by South Campeche and Veracruz whereas North of Ranchm Nagas, North
Campeche, and South of Rancho Nuevo were considerably worse in facilltatimggtation (Table
2.2, Fig. 2.4).

Table 2.2Relative migratory success by nesting region. Nggstegions are ranked relative to one another from
high (1) to low (7) for each metric used to measuigratory success (percentage of turtles thatreatagic
habitat within four days and percentage of turthes reach foraging grounds within two years). @®séfor

details. The overall migratory rank of a regiont@mined by the mean of ranks) is in the fourthuowt. The

final column provides the range of recent estimafasest abundance (Read et al. 2010).

Reach Reach Overall Relative

Nest_ing Pelagic Foraging Migratory Success Estimate of
Region Habitat Grounds (Mean) Nest Abundance
Rancho 1 1 1 3200 — 16000
Nuevo
South 15 1 1.25 1-25
Campeche
Veracruz 1 3 2 728 — 3675
North RN 4 4 4 0-0
Texas 6 4.5 5.25 55 - 325
North
Campeche 7 4 55 0-0
South RN 5 7 6 201 -1025

Figure 2.4Bar graph showing estimated nest
abundance for each nesting region. Nesting 160009 —
regions are ordered from left to right based o
the degree to which oceanic conditions
facilitate the migration of young Kemp’s
ridleys (Table 2.2) (see text for details). The
region with the most favorable conditions is o .
the far left and the region with the least 4000+
favorable conditions is on the far right. j D
Abbreviations of nesting regions correspond to 0- T T ¥ T =
Figure 1. Nest abundance is taken from Read RN SC VER NRN TX NC SRN
et al. (2010) with the minimum estimated nest Relative Migratory Success
abundance of a region in black and maximum

estimated nest abundance in grey.

12000

8000 1

nte

Nes¥ Abunda
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Nesting regions had significant differences in the percentagmofated Kemp'’s ridley that
recruited to the five defined foraging grounds (ANOVA two-factohwaplication f 150> 20000, p
< 0.0001, for each nesting region). Out of all the simulated turtles tloheckaoastal foraging
grounds (regardless of the location from which they started), thestgrgrcentage recruited to
coastal Texas (52.8 %), followed by Louisiana to W Florida (33.9 %), EastidtoriNorth Carolina
(12.9 %), Virginia to Nova Scotia (0.3 %), and Campeche Bay (<0.1 %). T&hpea®ides the
distribution of Kemp’s ridley recruits by nesting region.
Table 2.3Mean percentages of simulated turtles that retwuibraging grounds (columns) when starting from

different nesting regions (rows). Means are basesimulations of four two-year periods (2004-202805-
2007; 2006-2008; 2007-2009). Italicized numbersWwehdicate the 95% C.I. of the mean.

. . Campeche VA -
Nesting Region Texas Bay LA — WFL EFL - NC Nova Scotia
Texas 5.140% 0.005% 2.462% 0.636% 0.016%
(1.500%) (0.002%) (0.373%) (0.109) (0.005%)
North RN 4.207% 0.007% 2.781% 1.568% 0.038%
(1.387%) (0.003%) (0.526%) (0.482%) (0.014%)
Rancho Nuevo 9.163% 0.016% 6.955% 3.037% 0.082%
(2.790%) (0.007%) (1.240%) (0.822%) (0.025%)
South RN 1.877% 0.001% 1.153% 0.528% 0.014%
(0.655%) (0.001%) (0.187%) (0.149%) (0.006%)
Veracruz 8.096% 0.024% 5.465% 2.311% 0.046%
(1.330%) (0.009%) (0.254%) (0.612%) (0.015%)
South 12.669% 0.025% 8.161% 2.461% 0.058%
Campeche (1.510%) (0.009%) (0.866%) (0.527%) (0.021%)
North 6.253 0.008% 3.508% 1.042% 0.023%
Campeche (0.595%) (0.005%) (0.382%) (0.274%) (0.008%)
Discussion

Models of oceanic circulation indicate that the migratory succegsuoig turtles (the
percentage of simulated turtles that quickly reach pelagic weateralso successfully reach foraging
grounds) is highly variable across the Kemp’s ridley nesting raniges, Trom the standpoint of the
ease with which young turtles are likely to complete their initigration, the different regions of
coastline are not equal.

This analysis has provided an initial exploration of the hypothesisdbatat areas where

Kemp’s ridley turtles nest in high numbers represent locations wheteodf oceanographic
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conditions are favorable to the migration of hatchlings. The laskaofdardized nest counts across
the Kemp's ridley nesting range precludes a detailed quantitativesendlyt recent estimates of the
numbers of nests in different geographic areas (Read et al. 2010) suggésgtnatral, nesting is
highest at locations with conditions that most effectively tatd successful migration, whereas less
nesting occurs in regions where successful migration is more diffiégl 2.4, Table 2.2). The
findings are consistent with the hypothesis that patterns of nest abundaimftuanced, at least in
part, by oceanographic conditions that facilitate or impede the migratimungyurtles. Moreover,
patterns of nest distribution are likely to be sustained over tintliecbyatal homing of adults,
inasmuch as nesting locations that facilitate the migration of youthgsttw foraging grounds lead to
increased survival of juveniles, which in turn leads to increased marmbadults returning to the

same nesting locations where they themselves began life.

Departures from the Predicted Pattern

Although oceanographic factors that facilitate migration may infle@viuch nesting
beaches are used, such factors by themselves are clearly irsttiicaccount fully for the present
distribution of nesting in the Kemp’s ridley. In at least two casesliSoampeche and South of
Rancho Nuevo), the number of nests reported deviated from the predicted patieestingly,
however, it is possible that special circumstances explain eachutepart

According to the metrics used in the model, South Campeche possesses oceanographic
conditions that facilitate both the offshore migration of young turtlestedgubsequent movement
to coastal foraging grounds. Nevertheless, this area has vierpdisting. Evidence suggests,
however, that the lack of nesting is a relatively recent developaeahthat a large population once
existed in this area before it was nearly extirpated due to intenssstiagvof adults and eggs by
humans (Marquez 1994; Guzman et al. 2007).

A second region that deviates from the predicted pattern is South of Rancho Nudso. T
area ranked among the worst in terms of metrics of migratory succes$sianddcording to
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predictions, few turtles should nest there. However, this areatatthe third highest number of
nesting turtles. Clearly, additional or alternative factors must be inmpantahaping the pattern of
nesting.

South of Rancho Nuevo is immediately adjacent to the largest nesmmlalage at Rancho
Nuevo. An interesting speculation is that some nesting in this region mightfresh navigational
errors by adult Kemp’s ridley turtles attempting to return to Ranakevdl If so, then it is unclear
why the errors are asymmetrical, inasmuch as considerably more nesting iodhe South of
Rancho Nuevo area than in the North of Rancho Nuevo area. Conceivabiigetsigal
navigational errors might occur if turtles imprint on the magnegid bf the natal beach and then
return to a slightly different location because the earth’s fieldtified in their absence (Lohmann
et al. 2008a). Indeed, geomagnetic modeling suggests that, over the past 400yle#&sng’s
ridley turtles attempting to relocate Rancho Nuevo after a 10-15apsance would arrive at Rancho
Nuevo or slightly to the south if they imprinted on magnetic inclination angtenéPuand Lohmann

2008). Whether this occurs is not known.

Yearly variation in migratory success

In some of the geographic regions, migratory success was relativediant across the time
period of the analysis, but in other areas, it varied considerably from yezartéhiable 2.1). In
general, the nesting regions of Texas, Veracruz, South Campeche, and Nortcl@anagkrelatively
constant percentages of recruitment for each of the four cohorts ofifgdchloth in terms of
percentages reaching pelagic habitat and percentages reachiaffeeaéng grounds. In contrast,
year-to-year recruitment success was more variable at thel cezdttiag regions (North of Rancho
Nuevo, Rancho Nuevo, and South of Rancho Nuevo) (Fig. 2.5). Whether the observed temporal
patterns are consistent features of the various regions is not knowndIRggiahese findings suggest

some promising avenues for future research.
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Figure 2.5Surface current velocity in the Gulf of Mexico based on HYCOM output. The location of
Rancho Nuevo is marked by the thick black line labeled “RN.” Images show susfagets on June 1,

the beginning of the Kemp’s ridley hatching season, for the following years (A) 20020@B; (C) 2006;
and (D) 2007. Typical flow off the coast of Rancho Nuevo appears to be north-nortirdastiich

results in offshore transport of hatchlings (A, B, D). The year in which the {gogentage of turtles
reached pelagic habitat and foraging grounds was 2007. During this period, there wateaeimded
anti-cyclonic eddy immediately offshore of Rancho Nuevo that resulted in sangusl movement of
simulated hatchlings (D). In contrast, the fewest turtles reached pelagéat laaitforaging grounds in
2006. Westward flow opposed the offshore movement of simulated hatchlings from Rancho Ngdvo, w
led to very few of the passively drifting particles reaching pelagic habitat (C)
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For instance, averaged over the four periods simulated, the regionsabfoRduevo, South
Campeche, and Veracruz all had similar high recruitment success ta elbgat and to foraging
grounds. However, recruitment success in different periods was not constainiy ¢2rtain periods
of limited duration, oceanic currents at Rancho Nuevo transported exdgédigg numbers of
young turtles offshore and subsequently to foraging grounds (Table 2.1). Thevooable
conditions occurred during the 2007-2009 simulation. During the 2007 hatching peniedyésea
well developed anti-cyclonic eddy directly offshore of Rancho Nuevo, irgult strong offshore
movement of simulated hatchlings (Fig. 2.5). In contrast, there was an unpsusillyeriod for
recruitment to pelagic habitat and foraging grounds during the 2006-2008 simuTdte
oceanographic cause seems to have been a northward shift of a semi-permstaemtivilewing
current (Fig. 2.5). Typically, this current bifurcates to the south of Ranabed\resulting in north-
northeastward flowing water transporting hatchlings offshore, but in 2086y#stward flow was
centered at Rancho Nuevo, directly opposing offshore progress of turtles. In tHethiedkd to
very few turtles reaching pelagic habitat because they were washedattithe limited number of
turtles reaching the open sea in turn led to fewer turtles recruitingaigirigrgrounds. It is possible
that the frequency of oceanic conditions which facilitate or impede tteooé migration of
hatchlings might be an important but previously overlooked factor in the populighamics of the

Kemp's ridley.

Modeled Distribution of Juvenile Kemp’s Ridley

In addition to exploring a possible relationship between nesting distributionsidackes
currents, these results also provide insight into how currents migkegnng the distribution of young
Kemp's ridley turtles across coastal areas. The model recordeld oftthe known foraging areas
(Fig. 2.1) each simulated turtle encountered first (see Mégexnd Methods). The results provide a
preliminary indication of the geographic locations to which juveniléeirnay be most likely to
recruit (Table 2.3).
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The vast majority of Kemp's ridley hatchlings originate at Rancho dl(igharquez 1994;
Plotkin 2007; Read et al. 2010). Discussion will therefore be limited ®irthdation involving this
nesting region. Because the defined coastal foraging grounds (Fig. 2.1) vagtinfiem 490-1650
km, measures of recruitment are standardized by calculating, for ethehfofe regions, the
percentage of turtles that recruited per 100 km of continental shelf lengti2 @) .

Simulated turtles from Rancho Nuevo most commonly reached the coastal efdiexas
(9.2% of the total simulated turtles; 0.99% per 100 km of continental shelfjerfSimulated turtles
reached other known foraging areas, including: Louisiana-West Florida (7 tb%total; 0.58% per
100 km); East Florida-North Carolina (3.0% of the total; 0.20% per 100 kinglinia-Nova Scotia

(0.08% of total; 0.005% per 100 km); and Campeche Bay (0.02% of total; 0.003% per 100 km).

—
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Figure 2.6 Graph of the mean
percentage of simulated
Kemp's ridley hatchlings from
Rancho Nuevo that recruit to
the five regions of Fig. 2.1.
Recruitment were standardized
by calculating the percentage
of turtles that recruited per 100
km of continental shelf length
along each of the five regions.
Abbreviations correspond to
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These results are consistent with a descriptive study by Collard and 2§898), which
indicated that turtles embarking on their migration from Rancho Nuevo waqitihlly be
transported offshore and to coastal locations along the Gulf and Attaatsts of the U.SThese
findings also appear consistent with the numerous accounts of juenileg’s ridley turtles
inhabiting coastal waters of the southeastern U.S. (Carr 1957; Hildebrand 1982;1089; Metz

2004; Geis et al. 2005). That ocean currents do not carry many Kedigisfrom Rancho Nuevo to
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Campeche Bay may also help explain why no juvenile turtles have been foumdidsgite

seemingly suitable habitat (Carr 1980; Marquez 1994).

Implications for Conservation

These findings are consistent with the hypothesis that patterns oboedaace for sea
turtles are strongly influenced by oceanic conditions that promote or impeedadcessful migration
of young turtles. Such considerations have important implications for cotiseretorts. For
example, in a program begun about 30 years ago, approximately 24,000 Kemp'’s ridleydeggs a
hatchlings were relocated from Rancho Nuevo to Texas (Marquez et al. 2003, 8tthWibbels
2007). The goal was to establish a second area where the turtles nassanett the possibility of
a population collapse. Although there has been much debate on the meritpraijdieis it is now
apparent that at least some of these “head-started” turtledwareng to Texas to nest (Shaver and
Wibbels 2007). The findings here, however, suggest that conditions off;tae deast are relatively
poor in terms of facilitating the migration of young turtles (Figs. 2.2, 2.3), whight make it
difficult for a large population to become established. Although protectinglserdley nesting
across Texas is certainly important to aid in the conservationsafritically endangered species,
without concurrent protection of the Rancho Nuevo and Veracruz region$ (&ae for high
migratory success and presently have high abundance of nests), the efferasmmay be of limited
value.

Additionally, attempts to predict the impact of climate change on stesturesting
distribution may benefit from a consideration of the migratory requirentdritoung sea turtles,
integrated with previously studied factors such as beach temperatures statistdzstrate.
Furthermore, the oceanographic modeling approach used in this study mightb&ugeédicting

the distribution of hatchling and juvenile stages of other species tirses.
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Sea turtle nesting distributions and oceanographic constraints ohrtamlgration

Summary

Patterns of abundance across a species’ reproductive range are @uflogrecological
and environmental factors that affect the survival of offspring. Foinm animals whose offspring
must migrate long distances, natural selection may favor reproduction smaagaocean currents
that facilitate migratory movements. Similarly, selection maygainst the use of potential
reproductive areas from which offspring have difficulty emigrating. Assadtep toward
investigating this conceptual framework loggerhead sea t@#ee{ta carettq nest abundance along
the southeastern U.S. coast was analyzed as a function of distance tt Btee@on System (GSS),
the ocean current to which hatchlings in this region migrate. Resditsie that nest density
increases as distance to the GSS decreases. Distance to the G&Buwatfer at least 90% of
spatial variation in regional nest density. Even at smaller spatil@ssavhere local beach conditions
presumably exert strong effects, at least 38% of the variance is egbgidéstance from the GSS.
These findings suggest that proximity to favorable ocean curreotgt influences sea turtle
nesting distributions. Similar factors may influence patterns of abeedicross the reproductive

ranges of diverse marine animals such as penguins, eels, salmon, and seals.

Introduction

Numerous animals range over vast expanses of land or sea but reproduce only in
geographically restricted regions. Within these regions theféeis considerable spatial variation in
the abundance of individuals (e.g. Page et al. 1991; Boyd 1993; Feldheim et al. 2@02pafldd
variation is typically correlated with ecological resourcesemdronmental conditions favoring the
survival of offspring, including the presence of food, shelter, and &eelatk of predation (Boyd

1993 Martin 1993; Olivier & Wotherspoon 2005).
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For animals that migrate long distances, additional environmentatgamight also
influence survival. For example, the offspring of some fish, shorebirds, penguithseals must
successfully complete, at a very young age, a long-distance migratiorhforatal area to suitable
developmental habitat (Butler et al. 1997; Azumaya & Ishida 2001; McConrlI2802; Clarke et
al. 2003). Because favorable winds and oceanic currents can geelaibg the energetic costs of
travel (Alerstam 1979; Butler et al. 1997; Guinet et al. 2001, Clarke 20@8), natural selection
might promote the use of reproductive areas in which environmental condéitate migration.
This hypothesis is examined for the nesting distribution of an iconic lotapdesmigrant, the
loggerhead sea turtl€éaretta caretta

The loggerhead turtle has an itinerant lifestyle comprising assafrimigrations (Carr 1987).
Along the southeastern United States coast, young loggerheads emerge fsalepesited on sandy
beaches and then migrate offshore to the Gulf Stream System, bg@iimined in the North
Atlantic Subtropical Gyre (Carr 1987; Witherington 2002). Juvenile ldggels remain within the
gyre for several years as they grow and mature, often taking up temmsidsnce in productive
foraging areas (e.g., the Azores) before eventually returning to tiie Almerican coast (Bolten et
al. 1998). As adults, turtles return to nest in the same geographic regienthdyethemselves
hatched, a behavioral pattern known as natal homing (Bowen & Karl 2007; Lohmann et a@). 2008

Sea turtle nesting has been studied extensively in the contexaibéfodronmental traits

associated with individual nest sites (Carthy et al. 2003). Lsttk@own, however, about factors that
influence nest density across regional scales (Miller et al. 29@Berington et al. 2009). One
possibility is that nesting distribution has been shaped by constraints olinigataigration (Putman
et al. 2010a). Reaching offshore currents is crucial to the suofitiaitchlings because such currents
provide shelter, food, and a source of transport that facilitates longedistagration to pelagic
feeding areas (Carr 1987; Bolten et al. 1998; Witherington 2002; Boyle et al. 2008)over,

turtles that remain in nearshore areas are subjected to intenséoprédéitelan & Wyneken 2007).

24



Given these considerations, hatchlings that emerge on beaches closBull teeam System
might have increased survival relative to hatchlings from beachesrfaidhethe current. Because
of natal homing, beaches that produce the most surviving hatchlings mighaadsthé highest
numbers of adults returning to nest. As a first step toward investigatirigexigenstraints on the
hatchling migration shape patterns of nest abundance, regressicseanagye performed to
determine whether the distance that hatchlings must travel to rea@hlfi&tream System predicts

nest distribution at regional and local scales.

Methods
Regional-scale Analysis of Loggerhead Nest Density

For purposes of analysis, the nesting range of loggerheads in the sothd#stavas
partitioned into 10 regions that correspond to geographic areas used in prep@ts of nesting
data (e.g. Meylan et al. 1995; Mast et al. 2007). Along the Gulf of Mexicoedfiens were: (1)
Texas; (2) Louisiana and Mississippi, (3) Alabama through the westelnampde of Florida (from
Alabama to Franklin County, Florida); (4) northwestern Florida (Wakullaszd®County) and (5)
southwestern Florida (Pinellas to Monroe County). Along the Atlantia@dbe regions were: (6)
southeastern Florida (from Miami to Cape Canaveral); (7) northeddteida (from Cape Canaveral
to the northern border of Florida); (8) Georgia; (9) South Carolinafl@)dNorth Carolina. The
length of coastline for these 10 regions ranged from 154-700 km (Fig. 2.7, Table 2.4)

At this regional scale, loggerhead nesting data were obtained from treesehich used
different methods for assessing nest abundance. Each dataset coveredrd pdfeod of years and
provided the basis for a separate, independent analysis.

The first dataset was obtained from the NOAA Species Recovery Pldme fatlantic
Loggerhead (NMFS & USFWS 1991). This provided the highest and lowestigiegtals for all U.S.

beaches that reported at least 100 loggerhead nests between 1985 and 198 acivigle value
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of nest density (nests per km of beach surveyed) for each of the 10 regidrnighést and lowest
values of nest density at the beaches within each region were avéragked2.4).

A second, independent analysis was done using the State of the World'stBesa(BWOT
Report, Vol. Il) (Mast et al. 2007), which compiled nesting data for 2005 from a&gemesiponsible
for monitoring sea turtle nesting (Dodd & Mackinnon 2005; FFWCC-FWRI 2007a; Ga2iG;
Griffin 2007; Reynolds 2007; Shaver 2007). These data differ from the NOAA datat ithey
include all instances of loggerhead nesting across the Atlanticahddasts, not just nesting at the
major beaches. Nesting data were compiled to determine the ovetalknsity (nests per km

surveyed) within each of the 10 geographic regions (Table 2.4).

Table 2.4Regional scale data from loggerhead nesting raloggy ahe southeast U.SA.

Geographic Average Total Coastline Average Average
Area Nests km' Nests km* Length Latitude Dist. to GSS
(1985-1990) (2005) (km) (®) (km)
Texas 0.0 0.005 590 27.7 940
La/Ms 0.0 0.0 700 30.2 504
Al/Panhandle FI 0.0 14 452 30.0 450
Northwest Florida 0.0 0.0 380 29.2 410
Southwest Florida 22.7 11.9 332 26.5 250
Southeast Florida 177.2 131.5 331 27.0 29
Northeast Florida 49.7 16.9 252 29.5 100
Georgia 7.8 7.8 154 315 164
South Carolina 25.2 17 240 33.0 150
North Carolina 9.7 1.3 500 34.5 109

Local-scale Analysis of Nest Density

For local-scale analysis, the average number of loggerhead nestsrfesryeaoastal Florida
counties (n = 27) between 1990 and 2006 (FFWCC-FWRI 2007b) was calculated. Laxakstal
density was determined by dividing the average number of nests per county bintaeeddength of
coastline in each county (derived from Google E&rsoftware). The range of coastline lengths

among counties was 18-140 km (Table 2.5).
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Table 2.5Local (county) scale data from loggerhead nestimge along Florida, U.S.A.

Florida Average Nests krit Beach Length Latitude Dist. to GSS
County (1990-2006) (km) (°) (km)
Escambia 2.3 18.0 30.30 480
Santa Rosa 0.2 48.0 30.39 482
Okaloosa 0.6 40.0 30.39 485
Walton 0.91 40.5 30.26 475
Bay 1.1 80.0 30.1 460
Gulf 2.7 105.0 29.68 410
Franklin 2.9 100.0 29.58 397
Pinellas 2.9 64.6 27.86 272
Hillsborough 1.2 30.0 27.57 275
Manatee 6.5 40.0 27.38 250
Sarasota 49.7 54.5 27.18 250
Charlotte 27.5 27.0 26.81 252
Lee 9.3 68.0 26.45 250
Collier 9.8 90.0 26.00 280
Monroe 2.0 111.0 25.50 60
Miami-Dade 3.0 140.0 25.62 22
Broward 59.0 38.6 26.23 18
Palm Beach 173.7 73.0 26.72 18
Martin 254.8 34.0 27.10 22
St. Lucie 146.6 34.7 27.40 29
Indian River 92.9 37.0 27.74 40
Brevard 229.5 113.6 28.45 47
Volusia 22.2 78.6 29.20 76
Flagler 8.9 28.6 29.55 102
St. Johns 3.8 66.7 29.93 124
Duval 2.4 275 30.40 145
Nassau 45 20.6 30.63 145

Gulf Stream System

The Gulf Stream System is a swift, warm current that flows through tli@fQyexico, the
Florida Straits, and then northward and northeastward over the continendabBlte southeastern
U.S. (Fig. 2.7). The part of the Gulf Stream System within the Gulf of Megiknown as the “Loop
Current” because the current’s flow loops in a clockwise path witieirrastern Gulf (Auer 1987).
The portion of the current between southeast Florida and North Caralefarigd to as the “Gulf
Stream” (Auer 1987). Near Cape Hatteras, North Carolina, the GulhGse@arates from the
continental slope, veering northeastward towards the Grand Banks, Canaderdudlkg\eastward

towards northwestern Europe, thus forming the northern portion of thie Ataintic Subtropical
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Gyre (Auer 1987). Together, the Loop Current and Gulf Stream are referretthéoGuslf Stream
System (GSS).

The GSS path undergoes meanders (time-varying lateral motions) tishiiftdime Stream about
5-40 km from its mean position along the east coast (Bane & Brooks 1979; Bar0étlaland by
as much as 125 km in the Gulf of Mexico (Molinari et al. 1977; Sturges 1992). Thasdarseare
not strictly seasonal, nor are they predictable from year to year (Mainalti 1977; Olson et al.
1983; Sturges 1992). As a result, the GSS is not consistently shoreweasvard of its average
position during loggerhead nesting season.

Because loggerhead sea turtles are long-lived and nest over manyhetugles nesting at any
one time presumably include individuals from numerous different cohorts péadich experienced
different states of the GSS as hatchlings. Moreover, the aveadg®bthe GSS is likely to reflect
conditions representative of what loggerhead hatchlings have experiencedaoyeyears (Olson et
al. 1983; Auer 1987), a time-scale appropriate for assessing pattees dénsity.

For analysis, the average position of the shoreward edge of the LooptCasrdescribed in
Sturges (1992), and the average position of shoreward edge of the Guif, Sisedescribed in Olson
et al. (1983) were superimposed on maps from Google Earth. For the regioysibatted distance
from the coast to the edge of the GSS was measured at every halfafdgtiede within each
region (or at every half degree of longitude in the case of the LouisMisaissippi and Alabama /
Florida panhandle regions, which are aligned approximately east-wés3e easurements were
used to calculate mean distance to the GSS for each region. For theddearalysis, a single
measurement was taken from the center of each Florida county to the GS8.dadast, distance

was measured to the nearest kilometer.
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Figure 2.7Map of loggerhead nesting range along the soutleabLS. coastline. Alternating solid and hashed
black lines along the coast delineate the stretohbesach used for the regional analysis. The regioclude
Texas (TX), Louisiana and Mississippi (LA / MS),ablama and the panhandle of Florida (AL / Pan FL),
northwestern Florida (NW FL) southwestern Flori¢B\V FL), southeastern Florida (SE FL), northeastern
Florida (NE FL), Georgia (GA), South Carolina (S&pd North Carolina (NC). Circles indicate relativest
density in each region (based on SWOT 2005 dat8&EL and Texas nest density are not to scalejleSi
are centered on the area within each region thahiggnest nest density. The white shading (linehédiately
adjacent to the coast indicates the maximum distéh@ km) that a hatchling loggerhead can swimgugie
residual energy from its yolk sac (Kraemer & Bend®81). The dark gray shading shows the contihshtf
(the area over which predation on young sea tuidlésought to be greatest). The solid black lirendrcates
the average position of the GSS (see text for B¢i@mnd the surrounding dashed lines show the@reawhich
the GSS meanders. Arrows indicate the directiocuofent flow.

Latitude

An additional analysis investigated whether nest density was dedelath latitude, which co-
varies with several climate-related variables that might be impkint sea turtle nesting (Mrosovsky
1994). For the regional analysis, the mean latitude was determined by sutineniatitude values at
each half-degree of latitude (or at each half degree of longitude casleeof the Louisiana /
Mississippi and Alabama / Florida panhandle regions) and then dividing thieysiine number of
half-degree intervals within the region. For the local-scale sisakatitude was taken at the center of

each Florida county.
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Statistical Analyses

Three linear regression models were used to investigate variatioggerhead nest density
(SPSS v. 16). Nest density was regressed against the inverse ofaheadisom the nesting area to
the GSS because nest density of an area was expected to increase vagingedigtance to the
GSS. Nest density was also regressed against the inverse of lagitadise previous studies
suggested that more turtles might nest in southern areas due to efdiztgethby temperature
(Mrosovsky 1994). A multiple regression analysis was performed which inchath distance to
the GSS and latitude as predictors of nest density. To investigate lalgpogsraction between the
effect of latitude and distance to the GSS, standard variancegoantitianalyses were carried out
using the adjusted values of the three regression models (Legendre & Legendre 1998). Regression
and variance partitioning analyses were performed separately ifmnakgesting data obtained from
NOAA (1985-1990) and SWOT (2005) due to differences between survey methodsalyses

were also carried out for Florida counties (1990-2006).

Results

Regression analyses (summarized in Table 2.6) indicated $hhg distance to the GSS
increased, loggerhead nest density decreased (Fig. 2.8). This pattern hetdl fufrthe regional
datasets (for NOAA dataset (1985-1996) 0.96, p < 0.001, n = 10; for SWOT dataset (2005,
0.94, p < 0.001, n = 10). Across Florida counties, the same general relationship wasdodsen
the regional analysis{= 0.46, p < 0.001, n =27). Latitude was not a significant predictor of nest
density at regional or local scales. Furthermore, including bothdatdand distance to the GSS as
predictors of nest density at regional or local scales did not appsetiatdase the amount of

nesting variance explained compared to the analyses using distare&t®Stalone (Table 2.6).
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Table 2.6Results of regression analyses predicting nestitggn$ as a function of each area’s distance to the
GSS D) and latitude ).

2

no. . . 2 r
Dataset areas Equation predictor(s) r (ad)) F p
NOAA _ 1 .
(1985-1990) 10 n =5410D0"-13.1 GSS Dist 0.96 0.95 169 <0.001
NOAA _ 1 .
(1985-1990) 10 n=7797L- 233 Latitude 0.16 0.06 2 0.248
NOAA _ 1 s Latitude
(1985-1990) 10 n=3390+ 51730 -125 + GSS Dist 0.98 0.98 212 <0.001
?2\’(‘)’85; 10 n = 3962D% 12.1 GSSDist 094 093 123 <0.001
SWOT _ 1 .
(2005) 10 n =5893L- 179 Latitude 0.17 0.06 2 0.236
SWOT _ 1 1 Latitude
(2005) 10 n=2676L+ 37750 -101 + GSS Dist 0.97 0.96 120 <0.001
Florida
Counties 27 n=3622 D+ 4.4 GSS Dist 0.46 0.43 21 <0.001
(1990-2006)
Florida
Counties 27 n = 117091 368 Latitude 0.07 0.04 2 0.171
(1990-2006)
Florida 1 1 Latitude
Counties 27 n=>5172+ 3695D" + 174 + GSS Dist 0.47 0.42 10 0.001

(1990-2006)

Variance partitioning analyses also indicated that distance toSBer@ustly predicted nest
density (Fig. 2.9). For the two regional datasets, distance to the GSS aloustad for 92% (for
NOAA dataset (1985-1990)) and 90% (for SWOT dataset (2005)) of theimaiiiainest density.
Latitude accounted for 3% of the variation in nest density and theatiterdetween distance to the
GSS and latitude accounted for 3% (for both datasets). Across Roudées (1990-2006), distance
to the GSS alone accounted for 38% of the variation in nest density whetiale accounted for <

1% and the interaction between the GSS and latitude accounted for 5%.

Discussion
The results indicate that, along the southeastern U.S. coast, loggerstedehnséy declines as
the distance between the coast and the GSS increases. This patteat boldsegional and local

spatial scales. On a regional level, the distance to the GSS was abteunt for more than 90% of
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the variation in nest density (Table 2.6, Figs. 2.8a, b, 2.9). On the smallerfddaléda counties,
distance to the GSS could account for at least 38% of the variation (Tablg2.@.8c, 2.9). These

findings are consistent with the hypothesis that loggerhead nest distritslinfluenced by the

distance that hatchlings must migrate from the beach to the GSS.
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: a Figure 2.8Graphs of loggerhead
¢ nest density plotted against distance
: from each nesting area to the GSS.
1504 | Trend lines are estimated by
|| regression. (a) Regional scale
\ results using the NOAA 1985-1990
100 l| dataset. (b) Regional scale results
\ using the SWOT 2005 dataset. (c)
‘\ Local scale results using nesting
504 e data from Florida counties for 1990-
Y 2006. See text for details.
\Q °
~ Y .\\\
E 01 - T T
i ' b
S 12549
2 I
g |
= 100!
> |
E |
= 7549
2 \
] |
= 509 1\
] \
2 \
i 25 - \
s 7] e
a
=] o L
=~ 308_| S - 2—o— T —
| C
I
[
le
200
¢
|
P
|
1
1004 »
\
*\ °
o ~__°
Ofoetes B g gs -
0 200 400 600 800 1000

Distance from coast to Gulf Stream System (km)

32



Offshore Migration of Hatchlings

Immediately after emerging from underground nests, hatchling loggerberantsble to the ocean
and migrate seaward, using visual cues, ocean waves, and the Earth’8afizfphéo stay on course
(Lohmann & Lohmann 1996). During the offshore migration, hatchlings rely on yolkesder
sustenance and do not feed for several days (Wyneken & Salmon 1992). Analgggeridads
from Georgia suggest that the longest distance a hatchling can swinthesiegidual energy from
its yolk is about 40 km (Kraemer & Bennett 1981).

Hatchlings that emerge on beaches within about 40 km of the GSS may thus rreased
likelihood of reaching their offshore destination. For these turtiessitiergetic requirements of the
migration can presumably be met without pausing to forage. Moreover,ipnedsik may be
reduced because hatchlings reach the GSS sooner and can immediateliutpkan mats of floating
sargassum (Carr 1987; Witherington 2002), whereas between the shore an8 that&8ings
typically lack places to hide and are likely exposed to intense predatioeidiv& Wyneken 2007).
An additional benefit of migrating from beaches closer to the GSS ikdtditlings might embed
themselves farther into the current, increasing the likelihood thaatlegransported along the gyre
and not returned to coastal waters by filaments shed from the outer étlgesain current.

These considerations notwithstanding, hatchlings in some geograplictiteaach the GSS
from beaches farther than 40 km away (Fig. 2.7). In such cases, however, whethieglsatacceed
may be influenced greatly by factors specific to each situation. Amongédteesearshore currents
that facilitate or impede offshore movements, the intensity of poedatiparticular coastal areas, and
the availability of food sources for hatchlings once the yolk reserdeileted. Additionally,
hatchlings may have evolved differences in migratory behavior or pbggithat are uniquely suited
to particular geographic areas. For instance, loggerhead hatchlingsoistimvest Florida swam
longer in the first week after emergence than did hatchlings from setffiedda, a difference
hypothesized to reflect the greater distance hatchlings from soutRlweda must travel to reach the
GSS (Wyneken et al. 2008).
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Spatial Patterns of Nesting

Patterns of nest abundance in loggerheads are likely to be maintashesirdorced by natal
homing, the tendency of turtles to return to nest in the same geograpkigvaeza they originated
(Bowen & Karl 2007). Because they nest near their natal sites, feanalbkely to nest in greatest
numbers at beaches that produced the most surviving hatchlings. Thusndg beaches close to the
GSS enhance the survival of hatchlings, then more turtles are likelyto te these areas to nest,
and patterns of nesting density may persist through time.

Although a highly significant correlation exists between nest density atahde to the GSS at
regional and local scales, thevalue of the local scale analysis (0.46) was considerably lower than
that for the regional analyses (0.96 and 0.94). At local scales, coastalrgeology and human
disturbances probably have some influence on specific nest site selftexample, urban beaches
with nighttime lighting and human activity attract relatively fewtimgsturtles (Miller et al. 2003).
These local influences might be masked at larger scales (Levin 1992).

At regional scales, the need of turtles to nest in close proximity tgoa afeshore current system
might explain why no nesting occurs along some parts of the U.S. coast thaisetapear
suitable. For example, almost no nesting occurs along the warm sand beanhdgs#igsippi to
Texas, even though such beaches have temperatures and other charsittartistiatch those found
on loggerhead nesting beaches elsewhere (Nelson 1988). It is possibéathatskin the north and
west Gulf of Mexico are in effect cut off from the GSS, making them isiplesfor large numbers of

loggerheads to colonize, even if all other necessary conditions exist.

Nest Density and Latitude

In principle, temperature-mediated effects might have resulted imedatmn between nesting
abundance and latitude. For example, the temperature of incubation detéhmises of sea turtle
hatchlings, with warmer temperatures producing more females and cooleragmgseproducing
more males (Mrosovsky 1988; 1994). Because lower latitudes areaasdagith higher incubation
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temperatures, nest density might conceivably increase with decrésttime because more females
are produced on southern beaches, resulting in more female adults retuthosptareas to nest
(Mrosovsky 1988). No correlation was found to exist between latitude and nestsity deowever,
either at regional or local scales (Table 2.6, Fig. 2.9). With hindsighfjiling is perhaps not
surprising in view of the fact that nest temperature can varylygmeaer several meters (depending on
proximity to the surf or vegetation), enough to substantially alter theaieof clutches on the same

beach (Kamel & Mrosovsky 2006). Such local effects might override any iniadnce of latitude.

100 I W Figure 2.9 The partitioning of
variance of nest density of
R southeastern U.S. loggerhead sea
S 80 turtles by dataset into effects of: (1)
; distance from nesting area to the
2 GSS (gray); (2) nesting area
= 00 latitude (black); and (3) variance
Eh explained by some combination of
= the two factors that cannot be
g 40 uniquely ascribed to either
§ (hashed).
s
> 20
0
Regional Regional County
(1985-1990) (2005) (1990-2006)
Conclusions

These analyses suggest that the distance from a nesting area to tmg@iS$count for much
of the variation in loggerhead nest density in the southeastern U.S. d@ipertead nesting areas
have not been analyzed because comparable nest density data are no¢ avhiablvhether the
same pattern exists elsewhere is not known. However, numerous major laggeeheng
assemblages occur along continental coastlines in close proximity to@geents. Among these
are Japan (Kuroshio Current), east Australia (East Australiaer@)yriMarisah Island of Oman (Ras

al Hadd Jet), Tongaland of South Africa (Agulhas Current), south equ&aaizl (Brazil Current),
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and the eastern Yucatan Peninsula of Mexico (Yucatan Current) (Bolteth&rifigton 2003). The
findings presented here might be directly applicable to these and edhertte populations.
Moreover, the principles outlined in the study may prove helpful in undenstatidi geographic
distribution of reproduction in diverse marine animals such as sedte(@tal. 2001), penguins

(Clarke et al. 2003), salmon (Azumaya & Ishida 2001), and eels (Kettle &$12006).
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CHAPTER 3

THE PELAGIC MIGRATION OF JUVENILE SEA TURTLES

The pelagic migration of juvenile loggerhead turtles is one dbtigest documented
migrations of any marine animal. The loggerheads that emerge on bekxigethe southeastern
United States coast migrate eastward to the North Atlantic Sulat@jyce. Turtles remain within
the gyre for a period of years, during which they gradually migrate arourddlamtic before
returning to the North American coast (Lohmann et al.198%9)as once assumed that turtles drifted
passively and that the distribution of young loggerheads was entirely depends&an currents
(Carr 1987). More recently, experiments have demonstrated that hatolgiyegheads, when
exposed to magnetic fields replicating those found in three widely separatat daeations,
respond by swimming in directions that would help keep them within the taiokthe North
Atlantic Subtropical Gyre and facilitate movement along the nogyaiathway (Lohmann et al.
2001).These results imply that young loggerheads possess the ability to hegegsdgraphic
position (i.e. use the magnetic field as a kind of “map”).

Animals capable of detecting certain magnetic parameters (emsitgtand the angle of field
lines relative to the earth’s surface) can assess their geogpagition due to the positional
information inherent in the main-dipole field (Fig. 3.1). How turtlesl(ather animals) organize

magnetic information into a “map,” however, is poorly understood.
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Figure 3.1 Representations of the earth’s magnetic field (hahn et al. 2007) The movement of the liquid
outer core generates a self-exciting dynamo whicdyces the earth’s main-dipole magnetic. The talegof
this magnetic field correspond, approximately he location of the geographic north and south p&liesd
lines exit the southern hemisphere and reentemdhtbern hemisphere and the related magnetic paeasne
vary systematically from the poles to the equaffis results in inherent positional informatiortie main-
dipole field. (A) Diagrammatic representation o tharth’'s magnetic field illustrating how field éis
(represented by arrows) intersect the Earth’s sarfand how inclination angle (the angle formedvieen the
field lines and the Earth) varies with latitude.the magnetic South Pole, field lines are direetedy from the
earth, perpendicular to its surface. The fielédilbecome progressively less steep as one travesds the
magnetic equator (the thick curving line acrossBheh), where the inclination angle is 0°. Theoying from
the equator towards the magnetic North Pole, fiaks are directed down into the Earth and become
progressively steeper until the field lines aredied straight down into the Earth and the indiomaangle is
90°. (B) Diagram illustrating four elements of geagnetic field vectors that might, in principle, piae
animals with positional information. The field pees at each location on Earth can be describeghing of a
total field intensity and an inclination angle. Tiogal intensity of the field can be resolved itwe vector
components: the horizontal field intensity andbetical field intensity. Sea turtles have beervatito detect
total field intensity and inclination angle. Whetlleey (or other animals) are able of resolve tial field into
vector components, however, is not known.

In this chapter | present data from several experiments in which theatinartiehavior of
hatchling sea turtles was monitored as they were presented with rodighési that exist along their
migratory route. Additionally, | use a high-resolution ocean citmranodel and particle tracking
software to simulate magnetic navigation by young turtles to assegbisdvehavior shapes the
distribution of turtles in the open-ocean. Additionally, | synthesieditidings from the behavioral
assays into a framework that explains the nature of the turtleati@gnap as well as the selective

pressures that maintain it.
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Exploring the geospatial organization of the magnetic map of hatchling logdesha turtles

Summary

Hatchling loggerhead sea turtlézafetta caretth from eastern Florida undertake a
transoceanic migration in which they gradually circle the North Ada¢ean before returning to the
North American coast. During this migration, magnetic fields that akistdely separated
geographic areas appear to function as navigational markersnglatianges in the turtles’
swimming directions at crucial geographic boundaries. In principle yr&albcations along the
migratory route can be assigned to one of three geomagnetic regidhe iibythwest Atlantic where
both inclination angle and intensity of the field are greater reladivalues at the home beach in
Florida; (2) the northeast Atlantic where the inclination is grdait the intensity is less; (3) the
southern Atlantic where both inclination and intensity are less thansvaililee home beach. To test
the hypothesis that the geospatial organization of the loggerhead ‘tinagap” consists of these
three large magnetic regions, hatchlings were exposed to magneti¢cHald® not exist in nature
but which match the magnetic criteria of the three regions teatescribed above. In two of the
three treatments the orientation of hatchlings was difficult to rdeonith the migratory route over
the oceanic region where such fields exist. These findings imglyhnanagnetic map of hatchling
loggerheads is not solely organized around an algorithm of enhanced or dichinteheity and
inclination; at a minimum, the magnitude of field change is likelpiporated into the geospatial

organization of their magnetic map.

Introduction

Diverse migratory animals such as sea turtles, lobsters and newtsaggetic maps” to
navigate (Lohmann et al. 2004; Boles & Lohmann 2003; Fischer et al. 200Ljficafig, they rely
on the Earth’s magnetic field to assess their geographic position (Lohir@n2@07). Elements of

the geomagnetic field vary predictably across the surface of tthe kemost parts of the world the
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inclination angle (the angle at which field lines intersect thénasastirface) steepens and the total
field intensity (the strength of the field) strengthens poleward. Birtiplest form, a magnetic map
might provide geospatial information based entirely on whether detectgtbtitafield elements
were increased or decreased relative to a goal field. For examplaatimgignimal that encounters
a steeper inclination angle and stronger intensity than the field abdsagdic goal could know that
it was poleward of its goal and must therefore orient equatorward. Is&gifiit encountered a less
steep inclination angle and a weaker intensity than the field matkiggal, the animal could know
it was equatorward of its goal and should orient poleward. In such a cageofipatial organization
of the animal’s magnetic map is to place all locations into one of tvimn®eelative to its goal
magnetic field: a poleward region and an equatorward region. Altezhyatan animal could learn or
inherit a magnetic map that allows for a more precise assessmeng@bdraphic location along its
migratory route by taking into account the magnitude as well as directf@idothange.

Few experiments have been designed to characterize the geospatiabtioyaaf magnetic
maps (Lohmann et al. 2007). Thus it is unknown whether most animals useimedoehation in a
simple, “directional” way of determining position or whether magnetipsiaae more spatially
complex (e.g., incorporate the magnitude of field parameters). Herdirst possibility is examined
for the hatchling loggerhead sea turtl€su(etta caretty, a species with a well-established magnetic
map sense.

Loggerhead hatchlings from the east coast of Florida, U.S.A. migratedéfand are
transported by the Gulf Stream northward and then eastward across thét\ortic Ocean (Carr
1987; Bolten 2003). Loggerheads remain in the circular current system obrieAtlantic
Subtropical Gyre for 5 to 10 years before returning to their natal ddjashdal et al. 2000aBowen
& Karl 2007).

In principle, the loggerhead’s pelagic migratory route can be orgamizethree
geomagnetic regions: (1) the northwest Atlantic where both inidmangle and intensity of the field
are increased relative to values at the home beach in Florida, (2) tieasbAtlantic where the
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inclination is increased but the intensity decreased, and (3) the spAttantic where both
inclination and intensity are decreased (Fig. 3.2). Lohmann et al. (2@3Enped hatchling
loggerheads with specific pairings of inclination and intensity tbetirowithin these three magnetic
regions. When exposed to these fields, turtles swam in directionsdhlat facilitate their pelagic
migration had they actually been in the location that was simulated @rohet al. 2001). However,
from this experiment it is unclear whether the magnetic map is gealpatganized in a simple way
that only considers the change in field parameters relative tathe beach or whether they inherit

more detailed magnetic information to assess their position along theatonjgroute.

Figure 3.2Hypothetical geospatial organization of the maignaap of loggerhead sea turtles. The map
assumes loggerheads from Florida U.S.A. calibtad& tesponses to magnetic fields based on thaesityeand
inclination angle at their home beach. The isotihatensity at their home beach bends more nonttisva
across their migratory route than the isoline afimation angle; thus the loggerhead pelagic miagsatoute
can be divided into three magnetic regions relativihe home-beach in Florida: (1) the northwegtoe where
inclination angle is steeper and intensity is sgem(dark gray), (2) the northeast region wherériation angle
is steeper and intensity is weaker (medium gray], (&) the southern region where inclination angless
steep and intensity is weaker (light gray). Arrondicate the direction of surface currents ofMwath

Atlantic Subtropical Gyre (after Tomczac & Godfre§94). Experiments by Lohmann et al. (2001) sugges
that magnetic fields resembling those that occthéndark gray area elicit east-southeastward ttiem by
turtles, fields associated with the area in medijnay elicit southward orientation, and fields thegemble
those found in the light gray area result in westfmvestward orientation.

To test the hypothesis that hatchling loggerheads inherit a simpiegtidnal” magnetic
map, turtles were exposed to one of three magnetic fields that correspomdnagietic regions of
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their pelagic migratory route. The specific pairings of inclinatingle and intensity used in this

study do not presently occur in the North Atlantic to avoid the possibilityuttes had evolved a

response to a specific field. However, the values of each elemenitlirethe range that

loggerheads have responded to in previous experiments (Lohmann & Lohmann 1994, 1996; Lohmann
et al. 2001). Thus, if the magnetic map is organized to only take into aedoether inclination

angle and intensity are higher or lower than the field of their home besatds should swim the

same direction as the corresponding treatment of the experiment by Lohraar(@@21). However,

if the magnetic map also relies on the magnitude of field, turtles mighsteetited or misoriented

when exposed to these fields.

Methods
Animals

Hatchling loggerheads were obtained from Melbourne Beach, Florida, U.S.4s Wae
checked daily from early July through mid-August based on the predictedf@dsbergence. In the
late afternoon, a few hours before the turtles would otherwise haargedn 15 to 30 hatchlings were
gently removed from their nest. Turtles were immediately placed ipfighit Styrofoam coolers and
transported to a nearby facility for experimentation. Hatchlings mweratained outside in the local

ambient magnetic field and in darkness. Each hatchling was tested oncghhandithen released.

Orientation Tank and Data Acquisition

Hatchlings were tested outdoors in a circular, fiberglass tank 1.22 nmietdia The tank
was filled with fresh water to a depth of about 30 cm. In each trial, hlimgtevas placed into a
nylon—Lycra harness that encircled its carapace without impeding smgnithe harness was
connected by a 16.5 cm monofilament line to a 25.5 cm Plexiglas lever-arm, thusteathd
swam within a 42 cm radius from the center of the tank. The lever-atenl i@ a digital encoder
inside a plastic post mounted in the center of the arena. The lever arimregvo rotate in any
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direction and tracked the orientation of the turtle as it swam. Thialdégicoder in the central post
was wired to a computer inside the facility (Fig. 3.3). The computer rettrdgosition of the turtle

(to the nearest degree) every 10 seconds.

Control of the Ambient Magnetic Field

A computer-controlled magnetic coil system consisting of two indepenol@ntil systems
(Merritt et al 1983) arranged orthogonally was used to produce a uniform magnetic fieldrsthe fi
coil was aligned with the north-south magnetic axis and was used to ¢batroagnitude of the
horizontal field vector. The second coil was aligned perpendicular toghedil and controlled the
vertical field vector. Computer-controlled power supplies provided iutoesach coil and software
developed for this system controlled the exact values for the itictirengle and intensity

experienced by turtles. The computer and power supplies were located@wake coil inside the

Vertical coil

power supply

/ / Horizontal coil e ——
/ power supply P

¥ Computer
|

facility (approximately 20 m away) (Fig. 3.3).

o
AN

Cable from
digital encoder

a \LV

Figure 3.3Schematic of experimental apparatus, includingotiientation arena, magnetic coil structure, and
data acquisition system (not to scale) (Fixjaged.€2011). Turtles were tethered to a lever arnumbed to a
digital encoder and capable of rotating 360° witti@ horizontal plane. The tracker arm monitored th
direction in which the turtle swam via signals sioi the encoder to the computer system locateshin
adjacent facility. The arena was housed outdoadseaclosed by a magnetic coil structure capable of
replicating specific values of inclination angledaotal field intensity that exist in the North Atitic.
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To confirm field parameters, measurements of the magnetic field akene inside the
orientation arena at the northern, southern, eastern, and western edgéastheaenter of the
orientation arena. Measurements with a tri-axial fluxgate digitghetameter (Applied Physics
Systems, Model 520) showed that the magnetic fields produced by the il lwano more than 0.1

uT across the area where turtles swam.

Testing procedure

All experiments were conducted in July and August 2007. Trials werectaut at night
between 19:30 h and 0:2:00 h, the time when most loggerhead hatchlings emerge froestsi@nd
enter the sea (Witherington et 4990).

The orientation arena was covered with a plywood top and foam weathgingtiyas laid
on the edges to seal out light. Prior to each trial, three layers &fblam thick plastic were
fastened around the entirety of the tank to further inhibit light from egténe arena. This was in
addition to a tarp that was fastened around the outside of the coilatieddbnatural and
anthropogenic sources of light. Inside the arena, a single light entiitidg (LED) with a peak
wavelength of 550 nm was suspended 2-3 cm above the water in the east. Eaiciy ledishl
harnessed and released in the orientation arena in the local magh@tigiin previous experiments
(Lohmann 1991t.ohmann and Lohmann 1994; 1996; Lohmann e2@01), most hatchlings (over
90%) quickly established a course towards the ligt5(.

The light was presented because hatchlings that enter the ocean on dail)eathes
encounter a dim glow of reflected skylight along the seaward horizon, amtightccues may play a
role in establishing the magnetic directional preference of hatcléiagsg their natal beaches
(Lohmann 1991). In addition, the response of each hatchling to the light sourcel wehifigner the
turtle was healthy and capable of maintaining an oriented course. Thatlew that failed to

establish a course towards the light within about 3 minutes wereedpldit other hatchlings.
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After a turtle swam towards the light for 10 minutes in the Eantical Imagnetic field
(intensity = 46.5.T; inclination angle = 57.2°), the light was turned off and the hatcklvagn in
darkness for the ensuing test period.

In all trials, the magnetic field was changed immediately aftdighewas turned off.
Turtles were given 3 minutes to adjust to the altered conditions. Dpisiéion then began, and the
position of the turtle was recorded each 10 seconds for the next 5 minutaguldivwtles were
assigned to one of three magnetic treatments, which correspondeahdottiveest, northeast, and
southern geographic regions of their pelagic migratory route (TableTB& Jirst treatment group
experienced a field with intensity 3u0 stronger and an inclination angle 3.0° steeper than the home
beach (intensity = 49.5T; inclination angle = 60.2°), the second treatment group experienced a fiel
with intensity 3.0uT weaker and an inclination angle 3.0° steeper than the home beachtintensi
43.5.T; inclination angle = 60.2°), and the third treatment group experienced aiile intensity 3.0
uT stronger and an inclination angle 3.0° less than the home beach (intensityu¥;48dination

angle = 54.2°).

Statistics

At the conclusion of each trial, the computer calculated a mean anglactohatchling using
all of the 10 second measurements obtained during the 5-minute tedtipefarkness. The mean
angles for each treatment were then analyzed with a Rayleigh testi{8at 1981) to determine the
average direction of each treatment and whether the turtles weifecaigly oriented as a group. The
multi-sample Watson-Williams F-test was used to test forrdiffees among treatments (Batschelet

1981). Statistical tests were performed using Oriana (v. 2.02).

Results
Turtles presented with a magnetic field with a stronger inteasitlysteeper inclination angle
relative to their home-beach (simulating the northwest region) wgmiisantly oriented as a group
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with a mean heading to the southeast (Rayleigh test, mean angle = 4533P,p = 0.045). The
orientation of turtles presented with a stronger intensity and legsistdéi@ation angle relative to

their home-beach (simulating the northeast region) was indistinguishailegndom (Rayleigh test,
mean angle = 206.7A,= 31,p = 0.529). Turtles subjected to a magnetic field with a weaker intensity
and less steep inclination angle (simulating the southern region) igretfecantly oriented as a group
with a mean heading to the east (Rayleigh test, mean angle =r82.82,p = 0.038). Significant
differences exist among the means of the three treatment groups (\Wélisams F-testfF = 8.34,p

< 0.001). Field parameters and results are summarized in Table 3.1.

Table 3.1Information on the magnetic treatments preserddthtchling loggerheads.

Simulated  Field relative Intensity Inclination _Mea_n Rayleigh  Rayleigh
) Angle Direction
Region to home beach (uT) ©) ©) r p

NW. o 3ouT;+30° 495 60.2 153 0.310 0045 32
Atlantic

NE -3.0uT; + 3.0° 43.5 60.2 207 0.144 0.529 31
Atlantic

south 54 1. 300 43.5 54.2 83 0.318 0.038 32
Atlantic
Discussion

The results from this study are inconsistent with the hypothesis toatihg loggerheads
inherit a simple, “directional” magnetic map calibrated relatvéhe loggerheads’ home beach. In
only the treatment simulating magnetic fields in the northwesth#tlaid turtle orientation (east-
southeast) match the expectations of Lohmann et al. (2001). The treaithesteaper inclination
angle and weaker intensity (simulating magnetic fields in the nottAdastic), should have elicited
southward orientation, but the turtles’ orientation could not be distinguisheddratom. In the
treatment with less steep inclination angle and weaker intessitylating magnetic fields in the
southern Atlantic), west-northwestward orientation was expected, but heggisrwere significantly
oriented eastward. While the orientation responses of turtles to timeticageatments are difficult

to interpret because the specific fields presented do not exist hlingitgratory route, the
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experiment appears sufficient to conclude that the direction ofdineldge relative to the turtles’
home beach does not completely explain the orientation responses observgdrimelad hatchlings
(Fig. 3.4). Furthermore, the hypothetical geospatial organization of the loggenhegaetic map
(Fig. 3.2) is likely an oversimplification; the magnitude of magnetimetds is also taken into

account.

A. Northwest Atlantic B. Northeast Atlantic
0 0
270 90 270 90
== C. South Atlantic
180 o '80

270 / 90

180

Figure 3.4 Circle diagrams representing the magnetic treatsriemtles were exposed to. The red line indicates
the mean direction of the entire group of turtlEse red shading outside the circle indicates tl#% 86nfidence
interval for the mean (not calculated for non-diigaint distributions). Blue triangles represent thean

heading of individual turtles and are plotted riglato magnetic north = 0°. Black triangles outsilde circle

show the expected orientation direction based sultsefrom Lohmann et al. 2001. (A) Hatchlings dxieid
southeasterly orientation when exposed to a magfielil representative of the northwest North Atian

Ocean. (B) Hatchlings’ orientation in a field tis&inulates the northeast Atlantic could not be digtished

from random. (C) Easterly orientation was elicited field that simulates magnetic conditions & southern
North Atlantic. For statistics and field parameteeg Table 3.1.

While a three-part magnetic map of the North Atlantic based only on timpaeameters set

relative to the turtles’ home beach seems conceptually simple andreugire relatively little

a7



neurological processing, the spatial resolution might be too coarsavidegappropriate geographic
information needed by young loggerheads during their pelagic migration. The deshémels
migration likely require the ability to discriminate among geograpteéas on the scale of hundreds
of kilometers, whereas the geographic resolution of the hypothetézalatic map proposed here
(Fig. 3.2) is on the scale of several thousand kilometers. Although tleemeramagnetic cues turtles
could possibly use to further assess their geographic position (Lohtran2@08), inheriting a
strategy that also takes into account the magnitude of magnetengtewould be helpful in
resolving geographic position over the scale of hundreds of kilometers.

However, for an inherited magnetic map to have evolved, it must be ablinstanwd the
gradual shifting of the Earth’s field due to secular variation (Couréll@al. 1997; Alerstam 2006;
Lohmann et al. 2007). Therefore, while the geospatial organization of an idhmesgitgetic map is
likely a function of the ecological requirements imposed on the navightasha it must also be a
function of secular variation. Specifically, spatial resolution oflagnetic map is expected to
increase as complexity of the navigational task increases, yet a8 sgsdlution increases, its
stability over evolutionary time likely decreases. In principlgatially complex magnetic map
could evolve if specific magnetic fields consistently correspotiptuly important geographic
locations. In such cases natural selection might favor turtles that defeetmagnitude of these
fields and biased their swimming direction “appropriately” (e.g. tdwareas where productivity is
consistently high or away from where currents diverge that could sweepthenthe North
Atlantic Subtropical Gyre) and remove from the population turtles tbatati orient appropriately.
Whether this actually occurs is not known.

This present study suggests that the magnetic map of hatchlingHegds is not solely
organized around an algorithm of enhanced or diminished intensity and inclinagitvertd a home
field. At a minimum, the algorithm must also consider the magnitudeldfciinge. Recent studies
suggest that this is indeed the case (Putman et al. 2011; Flxjag@0atly Further research is
needed to reveal the resolution with which these turtles use the magrigetsrmgnetic elements
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and how the geospatial organization of the magnetic map functions in an edaonteat -

including how secular variation shapes the resolution of hatchlingriveggs’ magnetic map.
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Longitude perception and bicoordinate magnetic maps in sea turtles

Summary

Long-distance animal migrants often navigate in ways that imply aerees of both latitude and
longitude. Although several species are known to use magnetic cues agjatsfor latitude, it is
not known how any animal perceives longitude. Magnetic parameters appeanfordm®@ising as
longitudinal markers because they typically vary more in a north-sawittidn than east to west.
However, to test whether longitude detection is possible using the maggldtibatchling
loggerhead sea turtle€4retta carettd from Florida, were exposed to magnetic fields that exist at
two locations with the same latitude but on opposite sides of the AtlargiznO Turtles responded
by swimming in different directions that would, in each case, help them adstong their circular
migratory route. The results demonstrate for the first time dngitude can be encoded into the
magnetic positioning system of a migratory animal. Because turtteasdsss north-south position
magnetically, the findings imply that loggerheads have a navigasgam that exploits the Earth’s
magnetic field as a kind of bicoordinate magnetic map from which both longitwhd latitudinal

information can be extracted.

Introduction

How animals that migrate long distances determine their geographiompbsis been debated for
more than a century (Viguier 1882; Alerstam 2006; Gould 2008). Several animal®aknown to
determine geographic position along a north-south axis using informationtautties magnetic
field (Lohmann & Lohmann 1994; Fischer et al. 2001; Phillips et al. 2002; Boles & Lohmann 2003;
Lohmann et al. 2004). Some migrants, however, can also determine theipbenposition east to
west (Avens & Lohmann 2004; Thorup et al. 2007; Chernetsov 2008). Because tleriagtietic
field in most geographic areas varies primarily with latitudeaeking longitudinal information from

the field appears difficult or impossible (Akesson et al. 2005; Aler£006; Gould 2006; Thorup &
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Holland 2009). The mechanism or mechanisms that underlie longitude perceptienehdvave
remained enigmatic.

Hatchling loggerhead turtleG4retta carettq from eastern Florida, U.S.A., embark on a trans-
oceanic migration immediately after entering the sea. Hatchhitgaly swim eastward to the North
Atlantic Subtropical Gyre (the circular current system tlat$l around the Sargasso Sea), and
remain within the gyre for several years, during which they graduallsateiground the Atlantic
before returning to the North American coast (Lohmann et al. 2001; Lohmann & Lohmann 2003)

Sea turtles use magnetic cues to approximate position along a nortledsyttohmann &
Lohmann 1994; Lohmann et al. 2004). To determine whether loggerheads can also use magnet
information to distinguish among positions along an east-west axis, hg&hlere subjected to
fields replicating those found at two locations, both of which lie alongitgeatory route but on
opposite sides of the Atlantic Ocean. Each location had the same latituliéoat by

approximately 3700 km in longitude (Fig. 3.5a).

Methods

Methods have been described in detail previously (Lohmann & Lohmann 1994; Lohmann et al.
2001) and in section 1 of Chapter 3 of this dissertation. Briefly, each turtlethased to an
electronic tracking unit in the center of a water-filled orientatiema. The arena was surrounded by
a computerized coil system which was used to control the magnetic figlddh the turtles swam
(Fig. 3.3). Each turtle began its trial in a magnetic field matching thatlfat the natal beach
(inclination = 57.7°; intensity = 46,5T) and was allowed to establish a course towards a dim light
(an LED with peak wavelength = 550 nm) in magnetic east. After 10 minutegghthevéis turned off
and the magnetic field simultaneously changed to either: (1) a fieldatptj one near Puerto Rico;
or (2) a field replicating one near the Cape Verde Islands. TurtlesaNewed to acclimate to the
new field for 3 minutes. A computer then monitored the direction that egtehgwam during the
next 5 minutes and calculated a mean heading.
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Each turtle was tested a single time under one of the two field condiNlensore than two
turtles from the same nest were tested in the same field. The fieldouzpproximate magnetic
conditions near Puerto Rico had an inclination of 46.4°; and a total intensity afT3@a8 assessed
by 4 independent measurements with an Applied Physics Systems tridaxgaité magnetometer,
model 520A). The field used to approximate conditions near the Cape Vermsislad an
inclination of 26.1° and an intensity of 3uT. The experimental fields were selected on the basis of
estimates provided by the International Geomagnetic ReferenceMdiel (IGRF-10) (Macmillan
& Maus 2005) for July 2007 (the date when the experiment began) using latitude 2@0gitude
65.5° W for Puerto Rico and latitude 20.0° N, longitude 30.5° W for Cape Verde Islémed&sRF-
10 declination estimates for the target locations were -13.1° @tdPRico and -12.9° for the Cape
Verde Islands. Experiments were conducted in Melbourne Beach, Florida (declinab.0°) (Table
3.2).

The coil system consisted of two different coils arranged orthogonallyolllmntrolling the
horizontal component of the magnetic field measured 2.41 m on a side and tlatroilicg the
vertical component measured 2.54 m (Fig. 3.3). Both were constructed in aceondth the 4-coil
design by Merritt et al. (1983). Turtles were restricted to théec®f the coil in an area defined by a
horizontal circle of radius 42 cm and a vertical area of about 5 cm; irethan, calculated (Merritt

et al. 1983) and measured deviations from perfect field uniformity wesetthan 1%.

Table 3.2Information on the magnetic treatments preserddthtchling loggerheads.

Simulated Latitude Intensity Inclination _Mea_n Rayleigh  Rayleigh
) . Angle Direction n
Region Longitude (uT) ©) ©) r p
. 20.0°N
Puerto Rico 65.5° W 39.0 46.4 50 0.393 0.032 22
Cape Verde 20.0° N
Islands 30.5° W 35.0 26.1 217 0.336 0.018 35
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Figure 3.5(A) Schematic of North Atlantic Subtropical Gyrdtéa Tomczak & Godfrey (1994)). Arrows
indicate the generalized main currents. Hatchliiggerheads were exposed to the magnetic fieldettist at
two locations (marked by black dots) with the sdatitude but on opposite sides of the Atlantic.eTést site
and natal beach of the turtles is marked by the e on the east coast of Florida, USA.

(B) Orientation of hatchling loggerheads tested magnetic field from the west side of the Atlamtéar
Puerto Rico (left) and in a field from the easesdd the Atlantic near the Cape Verde Islands {figkach dot
represents the mean angle of a single hatchlirige afrow in the center of each circle indicatestiean angle
of the group; the arrow length is proportionallie tnagnitude of the mean vector r, with the radfube circle
corresponding to r = 1. Turtles tested in the RuRico field were significantly oriented with a axeangle of
50°. Turtles tested in the Cape Verde field wése aignificantly oriented but in approximately theposite
direction (mean angle = 217°). Shaded sectorsatelithe 95% confidence interval for the mean anDlata
are plotted relative to geographic north (N = B9r statistics and field parameters see Table 3.2.
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Results

Turtles exposed to a field like one that exists on the west sitie éftlantic near Puerto Rico
swam approximately northeast (Fig. 3.5b). Those exposed to a field likikabmxists on the east
side of the Atlantic near the Cape Verde Islands swam approximatéiyest (Fig. 3.5b). Both
groups were significantly oriented at p < 0.03 or less (Fig. 3.5b) and thé#dtnibutions were
significantly different (Watson test, p < 0.002). Thus, the results dietvoiggerhead turtles can
distinguish between magnetic fields that exist at different longitudag ¢he same latitudinal

parallel.

Discussion
Functional Significance of Orientation Responses

The orientation behavior elicited by the two fields is consistelt thé interpretation that these
responses have functional significance in the migration (Mouritsen 2004&¢chKo & Wiltschko
2005; Lohmann et al. 2007). Near the Cape Verde Islands, southwesterly orieiatares with
both the migratory pathway and the direction of the wide, slow-moving Canargr€ (Tomczak &
Godfrey 1994) (Fig. 3.5). Swimming southwest in this area presumably helps tadVe back
toward North America. It might also help them avoid the Guinea Currenpuktigesist-flowing
branch of the Canary Current that can potentially displace turtles fiegyte and carry them along
the coast of the African continent.

Near Puerto Rico, the gyre currents are slowed and diverted as they nibematgh the
numerous islands and reefs of the Antilles and Bahama Archipelagos, but inwlatgdo the
northeast, the Antilles Current flows unobstructed toward Florida (Gunra& 1882; Tomczak &
Godfrey 1994). Northeasterly orientation near Puerto Rico is thus likélglp turtles stay within the
gyre and embed in currents that facilitate movement back toward the Atodrican coast, where

most Florida loggerheads spend their late juvenile years (Lohmann & Lot2haghn
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These results add to the growing evidence that specific regional tiedigids elicit orientation
responses that help young loggerheads remain in the gyre and advance alugggtioey route
(Lohmann and Lohmann 1994; 1996; Lohmann et al. 2001). The hatchlings that were tested had
never been in the ocean, demonstrating that turtles do not need migratorgreogiriorder to
recognize and respond to fields that exist along their oceanic pathwegusBeghe earth’s field
gradually changes, this orientation behavior is consistent with the hyisdthetsstrong selective
pressure acts to maintain an approximate match between the respdostssaind the fields that
mark critical positions along the migratory pathway at any point ia {lohmann et al. 2001,

Lohmann & Lohmann 2003).

Organization of the Turtles’ Magnetic Map

The results indicate that, for sea turtles, the problem of perceomgiiude and the problem of
perceiving latitude share a common solution. In each case, magnetic iidorozan be used to
distinguish among different geographic regions.

The ability of turtles to derive both latitudinal and longitudinal infarorafrom the earth’s field
necessarily implies that turtles exploit at least two differeatrggynetic features that vary in
different directions across the Atlantic. Thus, the results demanttedtturtles use a kind of
bicoordinate magnetic map in position-finding, an ability that has long beerhlegjmid to exist in
animals (Viguier 1882; Gould 1982; Lohmann & Lohmann 1996; Phillips 1996; Lohmann et al.
2007) but has never before been demonstrated.

The precise way in which the turtles’ magnetic map is organized is natgen. Along the
migratory route, the four magnetic parameters that might hypottgticalide a turtle with
positional information all have isolines that trend east-west andg@ttemeridians on both sides of
the Atlantic (Fig. 3.6). Thus, although any one of these parameters might be assaragate for
latitude, none of them, by itself, appear suitable for assessing longiteidthewentire migratory
route.
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Figure 3.6 Maps of magnetic elements in the North Atlantaeén. (a) Total field intensity; contour interval =
1 uT. (b) Inclination angle; contour interval = 2°) {ertical intensity; contour interval =T. (d) Horizontal
intensity; contour interval = AT. Isolines of each element trend east-west athasblorth Atlantic and
intersect numerous meridians; thus, none of thasenpeters, used alone, can function as a surrémate
longitude. Although loggerheads detect both in¢loraangle and total field intensity (Lohmann & lmann
1994, 1996), it is not known whether they can nesthe vector components of the magnetic field (iegtical
and horizontal intensity). Declination was not dafpedh in the experiment, nor is any animal knowndrcegive it
(Gould 2008). Maps of magnetic information wereeyated using the International Geomagnetic Referenc
Field (IGRF-11) (Macmillan & Maus 2005) for 2010.

It is not necessary, however, to assume that turtles exploit one magnatiefsras a surrogate
for latitude and another as a proxy for longitude. Nearly all geographic segjimmg the migratory
route, including the two used in this experiment, have fields defined by unique coorsd
inclination and intensity; two magnetic parameters loggerheadstdebhmann & Lohmann 1994,
1996) (Fig. 3.7). Areasonable hypothesis is thus that turtles can distinguis different
longitudes using these unique “magnetic signatures.” Such a stegpegrs feasible, in that the
fields that exist in locations with the same latitude but on oppositedides Atlantic always differ
in both inclination and intensity (Fig. 3.7), with the differences exceedingtuities are known to

perceive Lohmann & Lohmann 1994; 1996; Lohmann et al. 2004). Likewise, use of “magnetic

signatures” might also explain how turtles distinguish among geograggians that differ in latitude
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(Lohmann & Lohmann 1994; Lohmann et al. 2001). Viewed in this way, turtles might have a
bicoordinate magnetic map based on inclination and intensity, one that does notiatcoigeand
longitudeper se but that nonetheless provides turtles with both east-west and aotthgositional

information along the migratory pathway.
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Figure 3.7 Map illustrating the feasibility of turtles usimmique combinations of magnetic inclination and
intensity to distinguish among longitudes at thmedatitude but on opposite sides of the AtlanBackground
colors reflect total field intensity. Each colara encompasseqZ. White isolines indicate inclination angle
in 5° increments. Horizontal black lines show Beatent latitudinal parallels that intersect thegnaitory route

of loggerheads on both sides of the Atlantic. Narstalong the 20°N parallel are values of inclimand
intensity for the fields used in the experimentrtiéal marks on the 20°N parallel indicate the komawhere
each field exists. Along any latitudinal paraltble differences in inclination and intensity thaisé between
locations on opposite sides of the Atlantic excebdt sea turtles are known to detect (Lohmann &mhaiin
1994, 1996, Lohmann et al. 2004). Magnetic infofaratvas generated using IGRF-11 (Macmillan & Maus
2005) for 2010.

In stating that turtles have a bicoordinate magnetic map, the term “magédsn accordance
with recent usage (Walcott 1996; Gould 1998; Mouritsen 2001; Alerstam 2006; LohtrednR087)
that makes no assumptions about the nature of the internal spatialmegires€if any) that an
animal has. It is possible, and perhaps even likely, that hatchling tadkeary real conception of
their geographic location, and that they advance blindly along their migratte by swimming in
particular directions in response to specific magnetic fieldis. aso possible that other cues besides
magnetic fields play a role in guiding the transoceanic migration hadhte navigational system of
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young turtles provides a foundation on which additional strategies or mechaweisded for the
navigational tasks of older turtles (Lohmann et al. 2004; Luschi et al. 280 He added during
maturation. Indeed, the experience of migrating across the Atlantic and bagkavae turtles with
an extended opportunity to acquire information (magnetic and otheriéeadan be incorporated

into later navigational processes.

Other Animals

Whether animals other than sea turtles extract both latitudinal arituldingl information from
the Earth’s field is not known. In principle, some animals might have bicabednaps in which
each of the two axes depends on a different kind of sensory information; ewmifferent ways of
assessing longitude might have evolved in different animal groups. Itrissiirg to note that
human navigators first solved the longitude problem in a very differenthaayturtles: by
developing a precise and reliable clock which allowed time of day aea lgigation to be compared
with that at a distant site (Gould 2008). For an animal to determine longitademilar way, it
would presumably need a biological clock that did not reset to local(dmat least not
immediately). A recent experiment designed to investigate whetheaitorig birds might assess
longitude using two clocks, one of which synchronizes to local time more rapégiythie other,
failed to find evidence in support of this mechanism (Kishkinev et al. 2009se results are
consistent with the interpretation that birds, like turtles, haveresia way to assess longitude that is
independent of time-keeping. Other possible mechanisms that anirghatshypothetically use
involve olfactory cues (Papi 1990; Wallraff 2004), infrasound (Kreithen 197 %tkdag 2000), or
the use of declination in geographic areas where this parametss hengitudinally (Akesson et al.
2005).

Regardless of these considerations, these results provide tliefirshstration that longitude
can be encoded into the magnetic positioning system of an animal. In addé@ifindihgs
demonstrate the existence of bicoordinate magnetic maps, which are cdEiinigltaneously
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providing animals with both latitudinal and longitudinal information. Simitechanisms may help
explain some of the most impressive feats of navigation in the aningalddn, including those of
diverse long-distance migrants such as insects (Reppert et al. 2lé0eMal. 2011), fish (Bonfil et

al. 2005), birds (Wiltschko & Wiltschko 2003), and marine mammals (Stevidk2Q%H1).
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Orientation responses of loggerhead sea turtles to magnetic figtes North Atlantic

Summary

Loggerhead sea turtl€éretta carettq hatchlings’ use of the earth’s magnetic field as a
“map” has been extensively studied. For more than a decade it has been katdvatctilings from
Florida, U.S.A. are capable of detecting both field intensity (streagth)nclination angle (the angle
at which field lines intersect the surface of the earth), two ntiagperameters that vary predictably
across the surface of the globe. More recently, young loggerheads weretshmge magnetic
parameters to extract latitudinal and longitudinal information frorhimihe North Atlantic
Subtropical Gyre. However, it is unclear whether young turtles inheiitation responses to
magnetic fields that exist across the entire gyre system, or cplge to fields at locations where
displacement from the gyre is possible. In this experiment, hatching logdeege presented with
five magnetic fields that exist along the North Atlantic Subtropicak@yd correspond to potentially
important locations (coastal Portugal, the Straits of GibraltarCdnary Islands, coastal Suriname,
and Barbados). Two fields (coastal Portugal and Barbados), elicitetedreammming in directions
that appear to facilitate the loggerheads’ transatlantic joufriesyother fields, however, failed to
elicit swimming behavior that could be distinguished from random orientati@seTfindings
suggest that not all magnetic fields along the loggerhead migratoryelaiteobust orientation
responses and that the magnetic map of loggerheads may be more complicatedithasiypre

recognized.

Introduction

The magnetic navigational system of loggerhead sea tutttestfa carettdis one of the
best described of any marine animal (Wiltschko & Wiltschko 2005; Gould 201 Dhiihats from
Florida, U.S.A. are capable of detecting both field intensity (streagth)nclination angle (the angle
at which field lines intersect the surface of the earth) - twarpaters that might provide turtles with
geospatial information (Lohmann & Lohmann 1994; 1996). Further experimentasion ha
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demonstrated that young loggerheads extract latitudinal and longitudorah@tion from the earth’s
magnetic field within the North Atlantic Subtropical Gyre (Lohmann.€2@01; Putman et al. 2011).
The emerging picture is that hatchling loggerheads are endowed withbanadt set of orientation
responses to regional magnetic fields that facilitate theiemewt along their transatlantic migratory
route.

However, numerous questions remain as to the extent and resolution of tkerhageetic
map. For instance, do turtles inherit a magnetic map that permits theses$s #seir position
anywhere along the North Atlantic Subtropical Gyre, or do magnetic ati@mresponses exist only
at a few locations? To better understand the navigational and eebkigiuficance of these
orientation responses, hatchling loggerheads were presented with finetiodiglds that exist along
the North Atlantic Subtropical Gyre and correspond to potentially impdideations. Three of these
fields occur within the Canary Current System, a broad, productive, andaltiflowing eastern
boundary current. Specifically, fields were chosen that exist in locatibese young loggerheads
from the southeastern U.S. are frequently observed: (1) between the ArdrBortugal, (2) at the
Straits of Gibraltar, and (3) near the Canary Islands. The two otlukr dieist on the western side of
the basin corresponding to coastal Suriname and Barbados, near thermanfifithe North
Equatorial Current and the Guiana Current, two rapid, west-flowirrgratgrthat funnel water into

the Caribbean Sea.

Methods

Methods have been described in detail previously (Lohmann & Lohmann 1994; Lohmann et al.
2001; Fuxjager et al.2011) and in section 1 of Chapter 3 of this dissertatiefly, Bach turtle was
tethered to an electronic tracking unit in the center of a wated-blientation arena. The arena was
surrounded by a computerized coil system which was used to control the maglteiicvirhich the
turtles swam (Fig. 3.3). Each turtle began its trial in a magnelicrfiatching that found at the natal
beach (inclination = 57.7°; intensity = 4qu®%) and was allowed to establish a course towards a dim
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light (an LED with peak wavelength = 550 nm) in magnetic east. After 10 mirtdgght was
turned off and the magnetic field simultaneously changed to either:igll agplicating one near
coastal Portugal, (2) a field replicating one near the Straits of @Gihr@d) a field replicating one near
the Canary Islands, (4) a field replicating one near the northern coastrafrse, and (5) a field
replicating one near Barbados. Table 3.3 provides further details orofiattbhs and parameters.
The experimental fields were selected on the basis of estimatedqutdni the International
Geomagnetic Reference Field Model (IGRF-10) (Macmillan & Maus 2009ufgr2007 (the date
when the experiment began). After turtles were initially exposed tdiakeconditions they were
allowed to acclimate for 3 minutes. A computer then monitored the direlstibedch turtle swam
during the next 5 minutes and calculated a mean heading. Each turtle waa sastel time under
one of the five field conditions. No more than three turtles from the sameerestested in the
same field.

The coil system consisted of two different coils arranged orthogonailéycadil controlling
the horizontal component of the magnetic field measured 2.41 m on a side and the rathingptite
vertical component measured 2.54 m (Fig. 3.3). Both were constructed in aceowndth the 4-coll
design by Merritt et al. (1983). Turtles were restricted to theec®f the coil in an area defined by a
horizontal circle of radius 42 cm and a vertical area of about 5 cm; irethan, calculated (Merritt
et al. 1983) and measured deviations from perfect field uniformity wer¢hias 1% (as assessed by
4 independent measurements with an Applied Physics Systems tri-axiatéumggnetometer,
model 520A).

Circular statistics (Batschelet 1981) were used to determine whie¢herientation of turtles

differed among magnetic treatments and how well orientated eachedrgatas.

Results
First, the Mardia-Watson-Wheeler Test revealed signifiddfdgrences in orientation of the
turtles among the five magnetic treatments (W = 17.634, p = 0.024), indicatindua@ndef of the
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magnetic treatment on hatchling orientation behavior. Second, two (ftelastal Portugal and
Barbados) elicited oriented swimming. In the coastal Portugal figltes were oriented southwards
(mean angle = 178.3°, r = 0.322, p = 0.043, n = 30). In the Barbados field, turtles wepsglorient
northwards (mean angle = 5.2°, r = 0.401, p = 0.027, n = 22). The other three fields, hiaileder,

to elicit swimming behavior that could be distinguished from random orien{@tdote 3.3).

Table 3.3Information on the magnetic treatments preserddthtchling loggerheads.

Simulated Latit_ude Intensity Inﬂizgltieon Dil;/le?:?ir(])n Rayleigh  Rayleigh N
Region Longitude (uT) ©) ©) r p
Portugal fgg:\l/\l\/ 45.7 58.8 178 0.322 0.043 30
gtﬁgft;’: %‘_56‘3°\A') 42.6 495 138 0.124 0730 21
Ef‘;nﬂg ;’3'8: \l/\lv 39.4 41.1 293 0.208 0.242 33
Suriname 5135?:\'/\'\/ 31.8 26.1 164 0.151 0.484 32
Barbados 5132:\'/\'\/ 34.1 355 5 0.401 0.027 22
Discussion

These findings suggest that some, but not all, magnetic fields aloruggeeiead migratory
route elicit oriented swimming in hatchlings. In the two treatments whagmetic fields elicited
oriented swimming, the average direction chosen appears to facilitdbggeeheads’ transatlantic
journey (Fig. 3.8). In the field that occurs near Portugal, the southward baertket was elicited is
likely to facilitate the turtles’ movement along the broad, soutiifig Canary Current System.
Additionally, southward orientation in the vicinity of Portugal may de@¢adles’ chances of being
carried north into fatally cold waters (Lohmann et al. 2001). This southwardrsing is consistent
with previous findings by Lohmann et al. (2001) and Fuxjager et al. (201 Préssnted turtles with

magnetic fields that exist in close proximity to this locatiorkelise, northward orientation elicited
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by the field near Barbados likely increases the chances of turllesifad currents that will transport
them back to the North American coast, where older juveniles take dprresiand where mating

and nesting eventually occurs (Lohmann et al. 2001; Lohmann & Lohmann 2003)

o 0 ) o
——
/ \\g\eo“
90"

Figure 3.8 Map of the North Atlantic Subtropical Gyre. Theeasriation circles represent the headings of turtles
tested in magnetic fields that exist at the logatpecified on the map. Each dot within a circlgdam
represents the mean angle of a single hatchlidge arfrow in the center of each circle indicatesniean angle

of the group; the arrow length is proportionalhe magnitude of the mean vector r, with the radfube circle
corresponding to r = 1. The 95% C.I. for the msandicated by grey shading within the circle dags for
distributions that are significantly oriented (995). See Table 3.3 for field parameters andssizdi

In contrast, the other three fields failed to elicit swimming behakaon turtles that could be
distinguished from random orientation (Fig. 3.8). Although it is not clear why thaetia fields that
occur at the Straits of Gibraltar, the Canary Islands, and north of Surinamet éilicit oriented
swimming from turtles, the lack of responses to these fields mayderkely information about the
nature of the hatchling loggerheads’ magnetic map. It is conceivabledbaetit orientation to
regional fields evolved as a mechanism to rapidly move turtles frooatdo that is dangerous (in

terms of being displaced from the gyre) or unfavorable (such as low prégbditg) to a safer or
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more favorable one (Lohmann & Lohmann 1994). Thus, fields that occur at locatioaethatther
dangerous nor unfavorable would not elicit strongly oriented swimming bggurtl

That magnetic fields within the central portion of the Canary Currete®yfgiled to elicit
oriented swimming by loggerhead hatchlings is consistent with the above hypotkemerous
juvenile loggerheads from the southeastern U.S. are found within this gest@&bary Current,
including waters on both the Atlantic and Mediterranean sides of thesStir&ibraltar (Carreras et
al. 2006) and near the Canary Islands (Monzén-Arguello et al. 2009). Tameat$antic is highly
productive (Brochier et al. 2008) and it is unclear whether there would ddaptive benefit for
turtles to rapidly move through this particular region. It is possibtehidack of strong orientation
to the magnetic fields that exist at these two locations is due to Iregtleetion favoring turtles that
remain in these areas for an extended period. Additionally, there imesittem satellite-tracked
juvenile loggerheads caught near the Azores and Madeira Islands tlleatdpend extended periods
in the Canary Current System and even make seasonal migrations nagttumaithin it
(McCarthy 2006).

In attempting to understand the lack of orientation by turtles to the fietld obBuriname,
two different factors may be at work. First, unlike the Canary GuBgstem, it is not known
whether loggerheads from the U.S. enter this oceanic region. It is pdbsitdfore, that turtles
never encounter the field and thus have never evolved a response toritatidédy, if turtles do
enter this oceanic region, it may be that the swift and consistentiwaresturrents (Tomczak &
Godfrey 1994) safely carry turtles along the gyre and the risk of exitimgytkas low. In this case
also, presumably there would be little selective pressure on the logderbpulation to orient in a
particular direction.

Regardless of the possible interpretations, the present findings stiggeke magnetic map
of loggerheads may be more complicated than previously recognized. Sanealoelg the North

Atlantic Subtropical Gyre elicit robust orientation responseged#seother fields, even nearby, do
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not. Further exploration of the magnetic map of loggerhead sea tustlasr@ted, both adding to

the number of magnetic fields presented to turtles and a comprehensivésarfdlys existing data.

Special Thanks
| thank E.M. Putman & K. Stapput for assistance with experiments. Funding witeprby NSF
Grant 10S-0718991 and 10S-1022005 to K.J.L. and C.M.F.L.; PADI Foundation and Lerner-Gray

Grants were provided to N.F.P.

66



Transoceanic migratory dispersal of young sea turtles: a littigat&on goes a long way

Summary

Young loggerhead sea turtléSaretta carettqafrom eastern Florida, U.S.A., undertake a
transoceanic migration in which they gradually circle the Sargassbe®ere returning to the North
American coast. Young turtles are weak swimmers but have a navigaeterh in which regional
magnetic fields elicit changes in swimming direction at cruciaitp@long the migratory pathway.
Here | examine how these navigational responses interact with ageants to shape the
distribution of turtles in the open sea. Using a high-resolution ocean tisoutaodel, | simulate the
movements of young turtles under several different scenarios, including whéch turtles drifted
passively, and others in which turtles swam briefly in accordance xp#rienentally derived data on
magnetic navigation. Results indicate that even small amounts of dr@wviteming in response to
regional magnetic fields can profoundly affect migratory routes and enslpd urtles that engaged
in directed swimming for as little as 1-3 hours per day were 43-187% mdsethike passive drifters
to reach the Azores, a productive foraging area frequented by FloridaHegdsr They were also
more likely to remain within warm-water currents favorable for gnoavtd survival, avoid areas on
the perimeter of the migratory route where predation risk and thermatioasdiose threats, and
successfully return to the open-sea migratory route if carrieccodstal areas. These findings imply
that marine animals traditionally viewed as ineffective swinsmeaty be able to exert unexpectedly
strong effects on their migratory trajectories and open-sea digiribuhrough simple navigation

responses and minimal swimming.

Introduction

Oriented locomotion in response to specific environmental cues is #reess animal
navigation. In many mobile species, such behavior plays a crucial rolelinggmovement across
various spatial scales (Dingle 1996; Nathan 2008; Bowlin et al. 2010@ankoals that migrate long
distances, navigation behavior has the potential to shape the geogisipihiatabn of a species, as
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well as influence fundamental biological processes such as disggnsalflow and colonization
(Alerstam 2006; Akesson & Hedenstrém 2007). For marine animals, howeyenechanisms that
guide most species are poorly understood, and dispersal modetygiaatty assumed that
individuals move randomly or drift passively with ocean currents (e.g. @aetsal. 2005; Sims et al.
2008; Humphries et al. 2010; Pous et al. 2010). Few attempts have been made to taceqistic
navigational processes into models of animal movement or to determingubbwehavior
influences animal distributions (Holyoak et al. 2008; Boyer & Walsh 2010).

The navigational system that guides the migration of young loggerhelad {Geretta
carettg is the most thoroughly studied of any marine animal (Wiltschko & Wils@to5; Gould
2011). Young loggerheads from Florida, U.S.A., embark on a transoceanic migratind tre
Sargasso Sea, a pathway that approximately coincides with thewademeurrent system known as
the North Atlantic Subtropical Gyre (Carr 1986, 1987; Bolten et al. 1998). Youlestuse
positional information in the Earth’s magnetic field as a kind of “magjuide their swimming
within the gyre (Lohmann et al. 2007). Specifically, regional magnetasffanction as navigational
markers and elicit changes in swimming direction at differentitmtatilong the migratory route
(Lohmann & Lohmann 1994, 1996; Lohmann et al. 2001; Merrill & Salmon 2010; Putman et al.
2011; Fuxjager et al. 2011). These empirical results, togettiethvei existence of high-resolution
ocean circulation models, provide a rare opportunity to investigate haogatian behavior interacts
with ocean currents to affect the distribution of a migratory spécit® open sea.

Using particle-tracking software (ICHTHYOP v. 2.21) (Lett et al. 200 €ombination with
the ocean circulation model Global HYCOM (Hybrid Coordinate Ocean M¢8liglgk 2002), the
first 5 years of the loggerhead migration were simulated assusweges different behavioral
scenarios. The results demonstrate that a few simple navigatispahses, expressed as small
amounts of oriented swimming in response to regional magnetic fields, caa désproportionately
large effect on the migratory movements of turtles. The findings ingportant implications for
numerous marine species traditionally assumed to depend on ocean curregats o tr
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Methods

The duration of the pelagic migration of Florida loggerhead turtlgpisatly about 6-12
years (Bjorndal et al. 2000a). The simulation was restricted to 5 yatran emphasis on
migratory movements near the northern boundary of the North Atlantic Sualr@yire (Fig. 3.9).

The movement of young turtles was simulated using the particle-trackinguprog
ICHTHYOP v. 2 (Lett et al. 2007), which interpolates surface curfems Global HYCOM (Bleck
2002). Global HYCOM output has a spatial resolution of 0.08° (~5-7 km) and a datem
HYCOM uses data assimilation to produce “hindcast” model outpubdtegr reflectén situand
satellite measurements of oceanic conditions. Global HYCOM tkob/es mesoscale processes
such as meandering currents, fronts, filaments, and oceanic eddies (Blecki232g1at et al.
2006), which are important in realistically characterizing dispexsiarios of turtles (Witherington
2002; Bolten 2003). For advection of particles through HYCOM velocitgdjdCHTHYOP
implements a Runge-Kuttd'#rder time-stepping method (Lett et al. 2007). The study domain

extended from the Equator to 47°N and from 100°W to the Prime Meridian (8g. 3

Release Conditions

Simulated turtles (i.e. virtual particles) were released in aharészone that paralleled the
east coast of Florida. The release zone was located between latituddd 26dD28.5° N and
spanned an area that was 30-50 km from the coast. Releasing turtlesedftstred to minimize the
influence of coastal processes not characterized by the Global HYf@aMdI. Moreover, 40 km (the
center of the release zone) is the approximate distance thatigtolljerheads swim using the
residual energy from their yolk sacks (Kramer & Bennett 1981); 30-50 kisosalistance from
shore where post-hatchlings are routinely observed (Witherington 2002).

Previous modeling studies on hatchling dispersal suggest that the intenzammatain in
ocean current conditions can greatly influence the outcome (Hays et glP2@t@n et al. 2010).
To make this analysis as broadly applicable as possible and to avoid aitbamesult from
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conditions unique to any particular year, each simulation extended over afesgied. In addition,

6 different years were used as a starting point (2004-2009). Simulatigmgsta?004 and 2005

ran through 2009 and 2010, respectively. Simulations starting in 2006, 2007, 2008, and 2009 ran
through 2010 and then looped back over to resume in 2004. For example, the simulatiegethat b

in 2006 ran until 2010 and then continued from 2004 to 2005. This “looping technique” is common in
oceanographic simulations (e.g., Brochier et al. 2009) and diminishes thegbatgpeict of a single,
anomalous year. Similarly, to reduce possible effects of storms or other luewenta that might

yield atypical oceanic conditions, releases each year were atibtelaals starting on July 1 and
continuing through September 18, a period that encompasses the main loggeiead $@ason in

Florida (Weishampel et al. 2003).

Behavioral Scenarios
For each behavioral scenario modeled, a total of 900,000 simulatedwetéesracked. This
total consisted of 15 total release events of 1,000 turtles each (seg adyglieated 10 times each
year, for each of 6 different years. Replications within each yearatiffe two parameters: (1) the
exact release sites of individuals within the release zone, wieichagsigned randomly; (2) the exact
direction that individual turtles swam within each navigation zone, whishassigned randomly
from a range of directions derived from empirical results (see belde approach of tracking
900,000 simulated turtles in each of the behavioral scenarios allowed nipdysabilities of
transport to be observed and the use of statistics to determinesttiebkl of each possibility.
Modifications were made to ICHTHYOP to simulate the swimming behatipoung
turtles. For the active swimming scenarios, three geographic regjargthe northern portion of the
turtles’ migratory route were designated as “navigation zones” (Fig. B&ch zone encompasses the
location of a specific magnetic field that is known to elicit directismamming in loggerhead
hatchlings (Lohmann et al. 2001; Flxjager et al. 2011). The magné&tgiere defined by intensity

(field strength) and inclination (the angle at which field lines ietrthe earth’s surface). Because
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the precise boundaries of each navigation zone have not been determineciyngiaich zone was
arbitrarily extended outward +/- 30 of intensity and +/- 3.0° inclination (or until this extrapolation
brought the zone into contact with an adjacent navigation zone). This py@ddes navigation
zones that were wider in the east-west axis than in the north-soufFigxi3.9), a pattern

attributable to the fact that the magnetic field in the North Atlaratrees more with latitude than with
longitude (Putman et al. 2011).

In the simulations turtles were transported passively by currentssuhiey entered one of
these three navigation zones, at which point additional velocity wastadpga them in a direction
that depended on the zone (see below). When active, turtles swam 0.20 m/s, aaspedid th
hatchlings and juveniles are capable of sustaining (O’Hara 198008 &liWyneken 1987; Revelles
et al. 2007). The duration of swimming bouts varied among scenarios amtkithd hour per day
(maximum distance = 0.72 km/day), 2 hours per day (maximum distance = 1.44 kamd&/hours
per day (maximum distance = 2.16 km/day). These swimming durations and coriegpistdnces
are well within the physiological capabilities of young loggerheaddd@ 1980; Kramer & Bennett
1981; Salmon & Wyneken 1987; Revelles et al. 2007).

Seven behavioral scenarios were modeled (Table 3.4). One assatrteclds drifted
passively. Three scenarios assumed that turtles swam 1, 2, or 3 hoursipeodamgting to regional
magnetic fields. The directions that turtles swam matched thostuaf turtles that were tested in
the same magnetic fields that defined each of the navigation zone&¢dataohmann et al. (2001)
and Fixjager et al. (2011)]. At the start of every hour that a simulatelswam, a directional
heading was assigned. The heading was selected randomly from a rangetafion bearings
suitable for each navigation zone. All headings in a given zone were wift0° of the mean
heading elicited by the corresponding field. The 80-degree range of ddermtagles used
approximately matches the 95% confidence interval observed in behaxpesiments (Lohmann et

al. 2001; Fuxjager et al. 2011)). Additionally, three other scenasssreed turtles swam within
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navigation zones for equivalent periods but in random directions. Pararf@teach behavioral

scenario are summarized in Table 3.4.
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Figure 3.9. Map of possible dispersal routes of juvenile lxdggads migrating from southeast Florida, U.S.A.
Given surface currents in the North Atlantic, testcan be transported along five main trajecto(igsnto the
South Atlantic Bight (yellow coastline); (2) intbe Mid-Atlantic Bight and Gulf of Maine (orange stine);
(3) north of the subtropical gyre system (northeaf line); (4) within the western portion of ther@asso Sea
around the Bahamas (purple polygon), or (5) tcethstern Atlantic passing through the Azores (green
rectangle). Blue shaded regions (A, B, and C) deata three “navigation zones” defined by regianabnetic
fields known to elicit navigational responses ingg loggerheads (Lohmann et al. 2001; Fixjagek €041).
Zones are irregularly shaped because of how thé'Bdield varies across the Atlantic (see Methodsle
direction turtles swam in each navigation zonéhisa by the gray-shaded area in the correspondiioglar
diagram. Each hour per day that a turtle swangdpsed a new heading, randomly chosen from withis t
gray area. The trajectories of simulated turtted swam for brief periods when inside the navagationes
were compared to trajectories of turtles that ddftontinuously (see Results).

Analyses
To determine how the swimming behavior of turtles influences therdapgajectory of
loggerheads in the North Atlantic, the percentage of tustiésring five different regions was

calculated: (1) the South Atlantic Bight, (2) the Mid-Atlantigi®i and Gulf of Maine, (3) any area
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north of 46° latitude, (4) the Bahamas, and (5) the Azores (Fig. 3.9). Tdenpehange from passive
drift was calculated for turtles entering each region for scemarvolving simulated swimming
behavior. Additionally, a two-way ANOVA with replication was used to meitge whether the
modeled behavior influenced the probability of turtles entering the prodwctdamic region near the
Azores, a location where young loggerheads are frequently observed (Cart9®8@olten et al.
1998). This region was arbitrarily defined by a rectangle around the dagtpeith sides

corresponding to latitude 40°N, longitude 32°W, latitude 36°N, and longitude 24°W.

Table 3.4Parameters of the four behavioral scenarios. @aglther drifted passively or swam in response to
regional magnetic fields for periods of 1, 2, dr Ber day (see Methods). The distance that siedilafrtles
swam was calculated from empirical data (O’Hara0t @almon & Wyneken 1987; Revelles et al. 2007) and
assumes movement in still water (no contribution@#an currents). For simulations of swimminglésstthe
three swimming directions indicate the mean anglerientation elicited by the magnetic field thafities each
navigation zone (Fig. 1). Swimming direction iséd on data obtained by Lohmann et al. (2001) @mghger
et al. (2011), corrected for average declinatioer@ach navigation zone. For each hour that & tsmtam, a
new directional heading was randomly assigned fagmol of headings within 40° of the mean angle (se
Methods and Fig. 3.9)

Swimming Swimming Swimming
Swim Distance Direction in Direction in Direction in
Behavior Duration Swum North-West North-Central North-East
(hrs/day) (km/day) Navigation Navigation Navigation
Zone Zone Zone
Pa_ls_swe 0 0.00 n/a n/a n/a
Drifting
Random o
Orientation 1 0.72 107 (+ 180°) 55° (+ 180) 180 (+ 180°)
Random o
Orientation 2 1.44 107 (+ 180°) 55° (+ 180) 180 (+ 180°)
Random o
Orientation 3 2.16 107 (+ 180°) 55° (+ 180) 180 (+ 180°)
Magnetic o
Navigation 1 0.72 107 (+ 40°) 55° (+ 40°) 180 (+ 40°)
Magnetic o
Navigation 2 1.44 107 (+ 40°) 55° (+ 40°) 180 (+ 40°)
Magnetic o
Navigation 3 2.16 107 (+ 40°) 55° (+ 40°) 180 (+ 40°)
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Results

For each scenario of passive drifting and oriented swimming we deterthenadmber of
turtles that moved along each of 5 dispersal trajectories (Fig. 3.9). Redid&ded that the relative
proportions of turtles that followed the various trajectories diffesignificantly depending on turtle

behavior (Fig. 3.10; ANOVA two-factoF,¢ > 101,P < 2.86 x 10*).
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Figure 3.10Mean percentages of turtles entering specific gaalyc regions within 5 years. Regions coincide
with the trajectories shown in Fig. 3.9 (South Atla Bight indicates trajectory 1 in Fig. 1, Mid4Antic Bight
indicates trajectory 2, North of gyre (latitudeghiér than 46° N) indicates trajectory 3, Bahamagt&so Sea
indicates trajectory 4, and Azores indicates titajgc5.) Hashed bars indicate results from sinedatirtles
that drifted passively. White bars indicate resolbtained from simulated turtles that engagedhroi
oriented swimming per day, gray bars indicate 2 driented swimming per day, and black bars in@icah of
oriented swimming per day. Results of random oatom are not shown because they did not diffamfro
passive drift. Error bars indicate 95% C.I. of thean.

To better visualize the effects of navigation on the large-scatédistn of turtles, we
generated colorized maps of the North Atlantic that highlighted mtatvhere turtle behavior
affected the predicted abundance (Fig. 3.11). These maps indicateldltiag te passive drifting,
simulated navigation behavior generally led to higher concentrationglestwithin the North
Atlantic Subtropical Gyre (Fig. 3.11), an area favorable for thevtrand survival of young
loggerheads (Carr 1986, 1987; Bolten et al. 1998). In contrast, passive drdttoghere turtles
along the margins of the gyre (Fig. 3.11).
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Figure 3.11The relative difference between the predicted ithistions of turtles that drifted passively vs.
turtles that engaged in 2 h of oriented swimmingdagy (distance swum was approximately 1.44 kndagy.
Red colors indicate areas where the passive dyifioenario predicts more turtles than the swimrsoenario;
blue colors indicate areas where the magnetic ativiyg scenario predicts more turtles than the passi
scenario. Areas shaded white had the same nurhbgtles in both scenarios. For each 5-yearqoeri
modeled, one of the ten replicates of passiveinigitand one of the ten replicates of magnetic retiog (2 h
per day of swimming) were selected at random. ti&taSeptember 15 of each hatching season, thédosaof
all turtles were plotted at 25-day intervals fae thuration of the simulation. A custom PytRbscript then
highlighted differences in abundance between tleelt@havioral scenarios at each location in thetNort
Atlantic. Although there is variation in predictditributions among years, several general pattmms
apparent in the output of all simulations. For egbana faint red ring is visible around the perighef the
gyre, indicating that a higher abundance of pabsilefting turtles is associated with the gyre’augins. A
cluster of blue always exists in the vicinity oétturtles’ foraging grounds near the Azoliegjcating that
magnetic navigation is likely to increase the nundddurtles that arrive there. Indeed, for tstleaving the
coast of Florida in 2004 there is a 110% increagbe number of turtles reaching the Azores redatiivpassive
drifters. In 2005, this increase is 117%; in 2@d6 122%, in 2007 it is 141%, in 2008 it is 758hd in 2009 it
is 57%.
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Within the gyre, simulated navigation behavior resulted in a noticeabtasein turtle
abundance near the Azores Islands (Fig. 3.11), a high-productivity area toéwction as
developmental habitat for many Florida loggerheads (Carr 1986, 198&nRolal. 1998). Analyses
revealed that even small amounts of oriented swimming had an outsizg#deffbe likelihood of
reaching the Azores (Fig. 3.12). For example, one hour of oriented swimmidayp@vhich
resulted in a movement of only 0.72 km) led to a 43.6% increase in the numbdesfraathing the
Azores. For 2 and 3 hours of swimming per day, the increases were 106.1% and 187.6%

respectively.
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- @ - 2 hours (M)
14.0 { | —e— 3 hours (M)
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Figure 3.12.The mean percentage of turtles reaching the AZordake 4 different behavioral scenarios. Grey
circles indicate passively drifting turtles. Blacikcles indicate turtles swimming in response wiaeal
magnetic fields (M). Open circles indicate turtd®mming in random directions (R). The dotted lindicates
simulated turtles that swam 1 h per day (approxetyed.72 km per day), the dashed indicates 2 lwohming
per day (approximately 1.44 km per day), and thiel §oe indicates 3 h of swimming per day (approziely
2.16 km per day). Data points are cumulative,(@ach percentage reflects the total number oflaied

turtles that reached the Azores on or before eadit ;n time).
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Results also indicate that, although navigation behavior did not previes from entering
suboptimal oceanic regions (Fig. 3.10), such behavior is likely to helpstagtape from such areas
to resume their open-sea migration (Fig. 3.13). For example, among thatientered the South
Atlantic Bight, those that swam just 1 h per day were 214% more likelath the Azores than were
those that drifted passively. Greater amounts of swimming furtheasexuehe likelihood of
escaping these coastal waters and arriving at the Azores (by 542%lésr that swam 2 h per day
and 1418% for those that swam 3 h per day) (Fig. 3.13a). Similarly, turtlestéadsthe Mid-
Atlantic Bight but swam 1-3 h per day were 25-101% more likely to reachzineg\than were
passive drifters (Fig. 3.13b), and turtles that crossed latitudes north Nfwé’e 5-25% more likely

to arrive at the Azores if they swam (Fig. 3.13c).

2,000 A Figure 3.13.Graph showing the
effects of directional swimming
1,500+ behavior on outcomes for turtles that
enter suboptimal oceanic regions
1,000 1 (trajectories 1-3 (Fig. 3.9)). The
white bars indicate the mean percent
[ increase of turtles reaching the
500 ;
productive waters of the Azores
£ %' given 1 h of swimming per day as
© 12?_ compared to passive drifting. Grey
= B bars correspond to 2 h of swimming
% 100 per day, and black bars correspond to
= 3 h of swimming per day. Error bars
2 5 —|_ represent 95% C.I. of the mean. (A)
k: Results for turtles that entered the
o 504 South Atlantic Bight. (B) Results for
g turtles that entered the Mid-Atlantic
g 251 — Bight. (C) Results for turtles that
£ crossed the area north of the gyre.
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Discussion

These results imply that young turtles can exert considerable inflweniheir migratory
trajectories despite swimming at velocities much slower than tfasany ocean currents (Fig. 3.10-
3.13). A simple navigational strategy, in which a few regional magnelitsfelicit directional
swimming, greatly increased the probability of turtles reachingdtaldavorable for growth and
development (Fig. 3.11), while simultaneously reducing the likelihood oésugtitering or
remaining in suboptimal geographic areas (Figs. 3.10, 3.13). Moreos# dffects were observed
despite a set of conservative assumptions, such as that turtlee @ngaly brief periods of
swimming (1-3 h per day), that they travel distances of just 0.72 - 2.16 kiapéfable 3.4), that
they only swim in response to three regional magnetic fields along themcethge of the gyre, and
that they are only weakly oriented4@® of mean direction, as in laboratory experiments (Lohmann et
al. 2001; Fuxjager et al. 2011)). The findings presented herestiggEassessment of the paradigm
that small turtles are powerless to influence their migratory memtsnand that their distribution on
an ocean-wide scale is completely dependent on ocean currents (Cai€asd; & Ogren 1990;
Luschi et al. 2003; Hays et al. 2010; Okuyama et al. 2011). Similarly,Stksrenply that other
marine animals viewed as ineffective swimmers may exert greaténol over long-distance
movements than has long been assumed.

The simulations imply that, rather than relying on an energetically isttgqgy of
continuous swimming, turtles can advance along the migratory route wiikigedase by using
limited directional swimming to help them become entrained in curtieatsvill carry them to
appropriate oceanic regions. Behavioral experiments also suggesethaatlings adopted by turtles
in response to each regional field have been selected to take advairtagace circulation patterns
of the North Atlantic Subtropical Gyre (Lohmann et al. 2001; Putman et al. 201 agEist al.

2011).

In some cases, the advantages that result from a small amount of difesstiomaing are

likely to be considerable. For example, among turtles that enterecettaqarrich South Atlantic
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Bight, those that engaged in oriented swimming were up to 14 times mordadikebch the Azores
than turtles that drifted passively (Fig. 3.13a). These and related 8ndigs. 3.10-3.13) imply that
such navigation behavior may have considerable adaptive value. If southdvedavior is likely to
be strongly favored by natural selection and will presumably spread rémiolygh a population
once it arises. Similarly, as the earth’s magnetic field gradciahnges over time (Skiles 1985),
strong selective pressure is likely to ensure that the navigaponses of turtles evolve in parallel
with the changing field, so that fields that exist along the migratangrat any point in time
consistently elicit orientation that facilitates movement towavdr&ble oceanic regions (Lohmann et
al. 2001; Lohmann & Lohmann 2003).

To date, all attempts to model the pelagic dispersal of sea turtleassmveed that turtles
drift passively (e.g. Hays & Marsh 1997; Blumenthal et al. 2009; Godley 20H); Putman et al.
2010; Okuyama et al. 2011). Although such models can provide a useful firsiveaeg t
understanding large-scale patterns of distribution, the presensrdsaibnstrate that including
empirically derived navigational behavior of sea turtles in partteleking models can greatly alter
predicted patterns of abundance (Fig. 3.11). Thus, models that assume gafshould be
interpreted with caution. In particular, such models may not yield accutimates of the
contributions that specific nesting populations make to distant mixeklfst@ging grounds or other
geographic areas. Incorporating navigation behavior into models of disgdilsallyi to provide
better predictions of animal distributions, as well as an improved undéirgjasf the ecological and
evolutionary processes shaped by animal move(Wéatner et al. 1993; Paris et al. 2007; Holyoak et
al. 2008; Koehl & Hadfield 2010; Hamann et al. 2011).

Finally, the finding that young turtles can exert an unexpectedly strongriod their
migratory movements has important implications for diverse, weakiyrsing marine animals such
as larval eels (McCleave et al. 1998; Bonhommeau et al. 2009), juvenitng@imumaya & Ishida

2001), juvenile reef fish (Fisher & Hogan 2007; Paris et al. 2007), and invéstébmae (Jeffs et al.
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2005). These and other ocean migrants, whose movement appears strongly dictateshtsy ¢

might employ similar strategies to increase their probabilitgathing appropriate habitat.
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The evolution of magnetic waypoint navigation in sea turtles

Summary

The environmental factors that promote the evolution of long-distancgatiavial behavior
are poorly understood. Here | use a quantitative approach to gain insighteiatmlution of
magnetic waypoint navigation by hatchling loggerhead sea tu@leetta carettq from eastern
Florida. These turtles respond to numerous regional magnetic fielégisiadlong the North
Atlantic Subtropical Gyre by swimming in directions that would, in eade chelp them advance
along their migratory route. However, not all fields that exist in thehNa&tlantic elicit robust
orientation responses by hatchling turtles. To investigate, a geomagoeit (IGRF-10) was used
to map the location of each magnetic field over the past century and ocaaaintes were extracted
from an ocean circulation model (Global HYCOM) within the area occupied by ietath fultiple-
regression analyses show that the strength of orientation of turdasyned by Rayleigh r-value) to
a given magnetic field increases as (1) the area over whidielithéas drifted between 1900-1975
decreases, (2) the average sea surface temperature oveedhiateeases, (3) the average surface
current velocity over that area decreases, and (4) the standardothesfagurface current direction
over that area increases. These variables can account for ass@4é af the variance in
orientation strength among magnetic treatments. The findings sugdebetkaolution of oriented
swimming in response to regional magnetic fields is strongly linkéltetgeographic stability of

specific fields and oceanic factors within those regions thettder directed swimming by turtles.

Introduction

Animals that engage in long-distance migrations possess numerouaridagdaptations that
allow them to successfully travel hundreds or thousands of kilometersnghtinese adaptations are
navigation behaviors that help them follow migratory pathways amdd@oal areas. Navigation

behavior, in particular, appears to be highly flexible and can evolvdlyam only a few decades in
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some cases (Helbig 1991, 1996; Berthold et al. 1992; Bearhop et al. 2005). Hdittevis known
about the factors that promote the evolution of long-distance navig&i@vibr or maintain it within
a population of migrants. Here the environmental factors associatedawigfational behavior are
examined in young loggerhead sea turt@arétta carettq along their migratory pathway. By
determining the environmental correlates of directed swimming dgsumferences can be made
about the factors that promote and maintain the evolution of navigation twehavi

Juvenile loggerhead turtles from Florida, U.SuAdergo one of the most spectacular
migrations known. Upon emerging from their nests, hatchling loggerheausoffshore to the Gulf
Stream, the western limb of the North Atlantic Subtropical Gyre (&&7T)L These turtles gradually
migrate around the entire North Atlantic basin, taking 6-12 yearsebe¥@ntually returning to the
North American coast (Bjorndal et al 2000a; Bowen & Karl 2007). A fasnmpaspect of this
migration is that young loggerheads appear to guide their movemeestahl part, by using the
earth’s magnetic field (Lohmann et al. 2007). Loggerheads orient theinsagnm directions that
facilitate migration in response to magnetic fields that occur alomgntingratory route (Lohmann &
Lohmann 1994; 1996; Lohmann et al. 2001; Putman et al. 2011; Fuxjager et al. 2011). Findings
indicate that young loggerheads possess a “magnetic map” based on pairiedtetf ffarameters
intensity (field strength) and inclination (angle that field linesrsegct the earth’s surface), which
provide turtles with information about their location along the gyre (Rutrhal. 2011). Perhaps
most impressive is that hatchlings are capable of appropriateatioariio fields along their
migratory route immediately after emerging from their nests,esigy that the large-scale magnetic
map is inherited, or at least not based on prior navigational experience.

However, recent laboratory experiments show that not all magnédis fieat occur in the
North Atlantic elicit strong orientation responses from hatchling si(B€xjager et al. 2011; Putman
et al. in prep). Itis not known why loggerhead turtles have evolved oreentasponses to some
magnetic fields that occur in the North Atlantic, but not to oth&msaddress this question
guantitatively, orientation responses were pooled from studies in whidllihgtoggerheads from
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southeast Florida were exposed to magnetic fields that occur in the NlantkicA Analyses were
carried out to determine whether orientation strength is likely tofleenced by: (1) the stability of a
given magnetic field (i.e. rate of secular variation); and/oo¢2pnic variables that occur across the

area where the magnetic field exists.

Methods

To determine whether certain environmental factors associatecheiftelds presented to
hatchling loggerheads can predict the variation in orientation dtresgtultiple regression approach
was used. First, orientation data were taken from previous studiesiénn et al. 2001; Putman et
al. 2011; Fuxjager et al. 2011; Putman et al. in prep) that testeateggehatchlings from southeast
Florida in a total of 12 magnetic fields that exist in the North Atlatirength of orientation was
measured with the Rayleigh r-value (Batschelet 1981) for each of theatdénts (Table 3.5). For
further analysis, the magnetic parameters of inclination angle tadi¢td intensity were recorded

for each field (Table 3.5).

Table 3.5Experimental parameters and orientation respooisesties to magnetic fields that occur in the
North Atlantic. 1. Lohmann etl al. (2001); 2. Putimet al. (2011); 3. Fuxjager et al. (2011); 4. Pariret al. (in

prep).

Pres_ent Inclination  Intensity Hl\élaecézliir;g Rayleigh Rayleigh N
Location ®) (uT) ©) R P

Barbado$ 35.5 34.1 5.2 0.401 0.027 22
Canary Islands 41.1 39.4 293.1 0.208 0.242 33
C?g:n\éegrde 26.1 35.0 230.3 0.336 0.018 35
Sgiﬁ'gl‘ttasﬂ 495 426 138.1 0.124 0.739 21
Greenland 69.0 51.1 121.0 0.16 0.506 27
Mid Atlantic® 59.4 46.7 70.8 0.332 0.036 30
NE Floridd 59.3 49.1 117.0 0.42 0.01 29
Portugat 59.1 45.2 188.0 0.36 0.05 24
Puerto Ricé 46.4 39.3 62.7 0.393 0.032 22
Southern Gyre 16.7 31.0 297 0.35 0.05 26
Surinamé 26.1 31.8 163.7 0.151 0.484 32
SW Portugal 54.3 44.0 242.0 0.362 0.028 27
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Geomagnetic Secular Variation

To provide a measure of the geographic stability of a given inclinatidnntensity pairing
(hereafter referred as a “magnetic point”) the area over whéfidld drifted from 1900-1975 was
measured (i.e. amount of secular variation). To some extent, how welkadgplves inclination
and intensity determines the area over which a magnetic point occursh@ lygher the resolution,
the smaller the area). Although the resolution of loggerhead sea’ tudigrsetic sense is not known,
the following possibilities were considered: that turtles resblaclination at 4.5, 1.0, or 2.0° and
intensity with +0.5, 1.0, or 2.0 uT. For each field, the inclination angle and intensity wetedplot
using Kimmo Korhonen'’s online mapping tool (http://www.ava.fmi.fMAGN#fipwhich utilizes
the International Geomagnetic Reference Field"-Gdneration (IGRF-10) (Macmillan & Maus
2005). The plots of inclination and intensity were overlaid in Adobe Photoshop tmiet¢he
location of the magnetic point for the years 1900, 1925, 1950, and 1975.

Initial results revealed that several magnetic points fromdhthern portion of the gyre only
existed prior to 1975 at the coarsest magnetic resolution assumed (2.0° anfl Ed gonsistency,
the rest of the analysis was therefore restricted to the coersehition plots. Magnetic points from
1900-1975 were overlaid on the same map and the area over which the field drifesdinvated by

multiplying the straight-line longitudinal and latitudinal distartt&t each point spanned (Table 3.6).

Oceanic Factors

For consideration of oceanic factors that might influence orientatrength, model output of
the surface conditions of the North Atlantic was extracted from theidH@lmordinate Ocean Model
(HYCOM) (Beck 2002) using a custom Python script. Daily HYCOM hindcagubtiata
assimilated) was extracted over 6 years (2004-2010) to generatddheénigivariables for each area
marked by one of the twelve magnetic fields: (1) mean temperatusga(@ard deviation of the

mean temperature; (3) mean current speed; (4) standard deviat@neéan currents speed; and (5)
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standard deviation of the mean current direction (Table 3.6). For compketdmeemean current
direction over the area is also reported, though it was not included in tlysesmal

Estimates of oceanic conditions are meant to reflect the long-tatarde of ocean
circulation associated with particular areas. Although the model outputagtiyres the past 6 years
(in contrast to the past century for the magnetic data), ocearatiocuin the Atlantic has been
similar to present for the past several million years, approglgnaince the closure of the isthmus of
Panama which separated the Atlantic from the Pacific basin (ltuivateéat & MacPhee 1999).
Moreover, the annual North Atlantic Oscillation (NAO) indices far time period examined (2004-
2010) appear to be representative of conditions since 1865 (httpufaraedu/). Paired T-tests
reveal no significant differences between the NAO indices reptwte?004-2010 and other
continuous 6-year periods since 1865 (T-test, range of p values = 0.052 - 0.9%)seBhe NAO is
correlated with variability in surface circulation in the North AtieiBellucci & Richards 2006), this
suggests that the metrics used in this study are appropriate as mfoXigical” oceanic conditions

that occur across each region.

Table 3.6Secular variation and oceanic factors associatddeach magnetic point. 1. Lohmann et al. (2001);
2. Putman et al. (2011); 3. Fuxjager et al. (2041Putman et al. (in prep).

Field Drift Temp. Temp. Current  Current Current Current

Present Speed Speed  Direction Direction
Location 198(?”%;) & I\gloeca)n St?;CD)eV' Mpean Stdr.) Dev. Std. Dev. Mean
(m/s) (m/s) @) @)
Barbado$ 3.42x16  28.20 0.95 0.299 0.150 70.0 294.4
Canary Islands  1.84x10  20.83 1.97 0.139 0.074 66.3 186.8
CapeVerde ;45,16  23.02 2.25 0.156 0.070 49.0 255.7
Island$
Sgi?)'gl‘ttasﬂ 219x16  19.41 268 0121 0071 985 236.5
Greenland 756x16  15.42 2.58 0.301 0.176 87.2 59.5
Mid Atlantic® 1.65x16  21.55 3.03 0.190 0.104 92.0 110.1
NE Floridd 9.11x16  25.67 2.39 0.181 0.095 109.9 182.7
Portugat 1.15x16  18.66 2.59 0.123 0.073 95.3 228.3
Puerto Ricb 136 x16  26.50 1.19 0.129 0.073 65.3 288.1
Southern Gyre  6.74x16  27.53 0.92 0.349 0.217 85.6 45.7
Surinamé 411x16  28.09 0.59 0.535 0.187 18.3 314.2
SW Portugal 1.80x16  23.35 2.28 0.111 0.064 109.3 210.7
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Multiple Regression Analyses

An information theoretic approach was used to assess the possilgadceflof the
environmental variables associated with a magnetic point and the stréog#ntation for hatchling
turtles. Multiple regression analyses were performed using albfmssmbinations of the 6
explanatory variables (63 separate analyses). Linear regresalgsesnwere performed in the
software package R (v. 2.701). To select the best model, Akaike Infomn@iteria (AIC) values
were calculated and an AIC weight was assigned to each regression muglstarsdard methods
(Burnham and Anderson 2002). The AIC weight is the likelihood that, of a candetaiEmodels, a
given model best explains the variance of the dependent variable (in thistcaisgth of orientation
measured by the Rayleigh r-value). All models that had an AIC weight gtlearte.0% were
explored in further detail. Finally, for the best model (based on AIC waighadjusted Rvalue),
the coefficients of the explanatory variables and p-values were exhtoiagsess the possible

functional relationship between the environmental variables and streihgtientation.

Results

Of the 63 candidate models generated to explain the strength of orientatiothelsytou
regional magnetic fields, 6 had an AIC weight greater than 5.0% (Table 3.hod& with the
greatest AIC weight (36.9%) was more than twice as likely to be théittiag model as the next
closest. Moreover, the model with greatest AIC weight also had the higljested Rvalue (adj. R
=0.754, B, = 9.41, p = 0.006) (Table 3.7).

The variables included in the best model were: (1) area over whitiklthdrifted from
1900-1975; (2) mean temperature; (3) mean current speed; and (4) standdiohdsviarrent
direction. All variables significantly contributed to the explanatory pax/éhe model at p < 0.05
(Table 3.8). Regression coefficients indicated that the orientatemggh (Rayleigh r-value)

increased as: (1) the area over which the field drifted decrg@3edean temperature increased; (3)
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mean current speed decreased; and (4) the standard deviation of cuertioidiincreased (Table

3.8).

Table 3.7AIC metrics used in model selection and resultsioltiple regression analyses.

AIC R2 adj

Variables in Model AlC A Weight R’

field drift, mean temp,

- 0,
mean speed, & s.d. direction 30.78 0 36.9% 0.843 0.754 9.41 0.006 (4,7)

field drift, mean temp,
s.d. temp, mean speed, -28.87 1.91 14.2% 0.844 0.715 6.51 0.021 (5,6)
& s.d. direction

field drift, mean temp,
mean speed,s.d.speed, -28.81 1.97 13.8% 0.844 0.713 6.47 0.021 (5,6)
& s.d. direction

mean temp & s.d. temp -27.12  3.66 5.9% 0.438 0.31.51 3 0.075 (2,9)

field drift, mean temp,

s.d. speed & s.d. direction -27.09  3.69 5.8% 0.787 0.665 6.45 0.020 (4,7)

field drift, mean temp,
s.d. temp, mean speed, -27.03 3.75 5.7% 0.846 0.662 4.59 0.058 (6,5)
s.d. speed, & s.d. direction

mean of all other (58) models  -18.18 12.60 0.3% - - -- -- --

Table 3.8Regression coefficients and significance levelgasfables contributing to the best model.

“\éigﬁbl\lfj dlgl Coefficients Standard Error stattistic P-value
Intercept -0.00091 0.148248 -0.00615 0.995265
Area of Field Drift (1900-1975) -1.1 x 0 3.37E-09 -3.21272  0.0148
Mean Temperature 0.017787 0.004455 3.992868 0.0052
Mean Current Speed -0.63187 0.180856 -3.49376  (0.010
Std. Dev. of Current Direction 0.001871 0.00078 0PED2  0.0475

Discussion
Examination of AIC weights of the candidate models to explain orientdtiemgsh of
hatchling loggerheads to regional magnetic fields clearly regesilsgle superior model (Table 3.7).

The next two best fitting models each included an additional paramtetedgsd deviation of
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temperature or standard deviation of current speed) that contribute@.8¥yof explanatory power
to the model when they were both added to the best motef {Re best model = 0.8432Bf the

full model = 0.846). Further analysis shows that the four variables that sentipei best model (the
area over which the field drifted, mean temperature, mean current spedide standard deviation

of current direction) are highly relevant to understanding what environhfigctiars are associated

with strong orientation to regional magnetic fields (Table 3.7, 3.8). Additjotizey provide insight

into general environmental conditions that promote the evolution of navigationdrehav

Field Drift

The earth’s magnetic field is generated and maintained by a siifvgxtynamo produced
by the movement of the earth’s liquid outer core. The field produced can bétlobag that of a bar
magnet (Skiles 1985). However, unlike a simple bar magnet, the dynamo processtduoeate a
static field, but one that undergoes long-term, non-periodic changes knovaulas gariation.
Secular variation causes parameters of the magnetic fieldrn@igation and intensity) to gradually
shift across the globe with the rate of change varying by location and throtigh®(tle Santis et al.
2002; Macmillan & Maus 2005) (Fig. 3.14).

Some researchers have questioned how animals could inherit a map based on clyntinuous
shifting magnetic information (Courtillot et al. 1997; Walkeakt2002; Alerstam 2006). The
findings of this study suggest that secular variation does impose daisstrathe evolution of an
inherited magnetic map. Magnetic points such as those presenthatsdodih the Straits of
Gibraltar and the Canary Islands have shifted from the Caribbean Seaetmstern Atlantic during
the past century. Because of the extensive secular variation, itssrpdsing that these fields do
not elicit strong orientation responses from hatchling turtles. Prégyreaolving an orientation
response to a magnetic field that does not consistently mark an oce#@mowveygld be impossible.
Over the past century, most fields in the Atlantic, however, have n&dlaft far and turtles can,

apparently, use them as reliable navigational markers.
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Figure 3.14Maps of secular variation for three magnetic pointhe North Atlantic from 1900-1975 from
IGRF-10 output. Colors correspond to the area @i/l each point assuming different resolution afjnetic
intensity and inclination angle by turtles. (A) Ing the past century the magnetic field that existar Portugal
(black circle) unambiguously marked the northeaspertion of the gyre. This field elicited southwar
orientation from turtles (Lohmann et al. 2001) whigould facilitate movement away from unsuitablydco
waters (Fig. 3.15). (B) The field that exists néer Straights of Gibraltar (black circle) movedrrthe
Caribbean Sea to Mediterranean Sea in the pasgeldl8 and would be unlikely to serve as a navigatio
marker in an inherited map. This field elicitedemtiation from turtles that could not be distingeidtirom
random (Putman et al. in prep). (C) The field dedais SW Portugal by Fuxjager et al. (2011) présspans
the width of the North Atlantic (black line); howey during the past century the field primarily responded
to the central portion of the gyre. This field dbc west-southwest orientation from hatchlingsiolhin the
past century would have promoted transport aloagtiuthern edge of the gyre where currents arerfastl
moving towards North America (Fig. 3.16). Similadiyected swimming along the present location & field
would also promote transport back to North Amenighaere older juveniles take up residence.
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For young loggerheads, moderate rates of secular variation do not seeman pose
insurmountable navigational problem for the evolution of an inherited magnafi. Migratory
behavior appears to be highly flexible over relatively short tialesqAlerstam 2006; Bearhop et al.
2005; Berthold et al. 1992), and change in orientation behavior appears to b#ezbhtr only a few
genes (Helbig 1996). Whether the orientation of loggerhead turtles teetiagoints evolves at a
pace similar to other migrantsrist known. However, a recent study modeling loggerhead
navigation suggests that even minimal orientation precision and swim duratesponse to
magnetic points can increase the probability of young turtles reachinfptfaging grounds by 40%
to 180% compared to passive drifting (Ch. 3, Section 4). It is therefomnedds to assume that
orientation to magnetic fields confers a strong selective advantagéusnthie continued selection
for appropriate orientation responses is likely to match rates ofseeulation for most magnetic

points.

Oceanic Conditions

Regression analyses indicate that, as mean sea surface tenepavat an oceanic area
increases, the strength of orientation to the magnetic point thiks that area increases. Strong
orientation responses are unlikely to evolve to magnetic points that eggoks consistently
associated with cold temperatures. This might be because lethaigining by turtles, regardless
of the direction, might be insufficient to confer a fithess advantage and thsslected for. Perhaps
the most extreme scenario is for the “Greenland” magnetic pointhwimioughout the century
remained in oceanic areas much colder than is suitable for loggerheittidst @V 2010). Presumably
turtles encountering this area would not survive and any orientation ltras field could not be
selected for. Indeed, turtles exposed to this field exhibited orientation betfeati could not be
distinguished from random (Flxjager et al. 2011).

Even within the gyre, magnetic fields that mark warmer arealikaty to elicit stronger
orientation responses than colder areas because activity level andoggilrirecrease with
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temperature (O’Hara 1980; Spotila & Standora 1985). Turtles witkased swimming behavior
may be better able control their position and natural selection faigit specific directional

swimming.

-90° -75° -60° -45° -30° -156°

Figure 3.15Mean surface temperature across the North Atldrdio Global HYCOM output (2004-2010).
Magnetic fields that exist at locations with warrtemperatures elicited stronger orientation resgetisan did
fields marking locations with cooler temperatures.

As the mean current speed over an oceanic area increases, théamistriength to the
magnetic point marking that area decreases. Across regions whace sunfrents are typically fast,
the direction that turtles swim might be of little consequence bedartkes may be unable to control
their direction of travel. In contrast, evolution of strong orienta@paonses to magnetic points is
likely to be promoted for fields that exist across oceanic regionsverents are relatively slow,
because turtles can potentially “choose” a direction to trancehatural selection will have selective
consequences. Moreover, turtles encountering oceanic regions with sloveet< may be served
well by actively moving into faster flowing portions of the gyre where tmégratory transport will

be enhanced by stronger currents.
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Figure 3.16Mean surface velocity across the North AtlantiarirGlobal HYCOM output (2004-2010).
Magnetic fields that exist at locations with loveerrrent velocities elicited stronger orientatiosgenses than
did fields marking locations with higher velocitidaresumably locations with consistently low cutnezlocity
require turtles to make progress along the migyatath under their own power, possibly by swimmniimg
directions that would lead them into faster flowimgters to mitigate the energetic cost of swimming.

The standard deviation of current direction is positively correlatddakiéntation strength.
Areas where current direction has a high standard deviation nelyessagspond to locations where
the direction of currents is highly variable (Fig. 3.17). Across stretifiesean where current
direction is temporally variable, a selective advantage mighained by turtles that orient their
movements in a particular direction to ensure that they advaog e main migratory pathway.
Oriented swimming in such circumstances might make the migratiwe predictable, over the
timescale of multiple generations, by allowing turtles from a given ptipalto consistently
encounter certain oceanic areas. Ensuring predictability might nepantant aspect of a
navigational system that is largely inherited. Turtles follmptrajectories that are atypical of the
population as whole might have difficulty returning to the migratory patiey are transported to
areas marked by magnetic fields to which the population has not evolegigtation response.

Indeed, it might be difficult for the population to evolve responses to madietdis that mark
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locations that turtles rarely encounter because the natural selectt@sprmould be restricted to only

a few individuals.

A

90 270 90

180 180

Figure 3.17Example of variability in current directions at thaations in the North Atlantic from Global
HYCOM output (2004-2010). In circle diagrams Oresponds to geographic north. Black triangles sgre
the current direction for a single day (some datxlap). The red arrow indicates the mean direabiothe
current, with the length proportional to the Ragter-value. The areas possess similar mean tenuperand
mean current velocity but differ significantly ihet degree of scatter. (A) The region marked by®Baebados”
magnetic point corresponds to the southern endeo@Guinea Current where water predominately floivsee
into the Caribbean Sea or north along the Antilleshipelago (standard deviation of mean = 70.08t[€s
exposed to this field were well oriented to thethofB) The area marked by the “Suriname” magnaicit
corresponds to a region south of “Barbados” wethimithe North Brazil Current, a fast flowing noststerly
current. The orientation of turtles exposed to figkl could not be distinguished from random.

Conclusions

The findings of this study suggest several important generalizatidnsathbe made about
the evolution of orientation behavior by migratory animals. Firstntaien responses are likely to
evolve only to stable navigational markers, those that consistently amarparticular geographical
area. For animals that rely on magnetic information, this means thatéhef secular variation
needs to be low. However, the same consideration of “cue stability” fooldavigational markers
based on other sensory modalities of navigation, such as those that hélizieal, auditory, or
visual information. Of equal importance, orientation responses, obsémedpmpulation level, are
most likely to evolve under environmental conditions that allow seleéir (or against) the directed
movements of animals. This likely means that the orientation cue mpstd®ved at locations
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where conditions are safely within an animal’s physiological §irffétg. an appropriate temperature);
otherwise the animal will be incapable of engaging in directed locomatid the orientation
phenotype will not experience natural selection. Similarly, for maniiv@als, if oceanic currents
consistently overwhelm the swimming direction chosen, that orientation phenuitype exposed to
reduced selection compared to areas where currents are slower. Adgit&inatiger orientation
responses are likely to evolve under conditions in which failing to choosectiat leads to
unpredictable and potentially negative results. In the case of naeimels, areas of high temporal
current variability are likely to be such locations. Finally, thislg highlights the importance of
considering environmental conditions along the migratory routes of anwhals determining how
navigation behavior evolves and is maintained. The findings presenteat&dfely to be broadly

applicable to other animals that rely on inherited positional informétioavigate.
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CHAPTER 4

NATAL HOMING AND THE MAGNETIC IMPRINTING HYPOTHESIS

Diverse ocean migrants, including some sea turtle, fish, mammal, and lmiesspegin life
in particular reproductive areas, disperse across vast expanses afigbenaeturn as adults to their
natal areas to reproduce (Lohmann et al. 2007). Little is known about how theskesimdastne
animals guide themselves to their natal region from hundreds or thoudaildmeters away after
absences ranging in duration from a few months to a decade or more. Onedigpothat animals
imprint on the magnetic field of their home area and use this informatretutm (Lohmann et al.
1999). Because the Earth’s field varies predictably across the gldkeesnlifgeographic areas are
marked by distinctive magnetic fields that might, in principle, providgusnmagnetic signatures for
natal areas (Lohmann et al. 2007). A potentially serious complication, hoveetreat the Earth’s
field changes gradually over time (Lohmann et al. 1999; 2007). Thus, the fiekiagnzatal areas
slowly drift, and might make natal homing via magnetic imprintinglehging (Courtillot et al.

1997; Lohmann et al. 1999; Alerstam 2006). Although it has been established thatoraaligators
associated with natal homing can have important consequences, such asnikatamt of new
areas, promoting gene flow, or reducing fitness of the straying animalodisipsing (Quinn 2005;
Lohmann et al. 2008a; Lin et al. 2008), it is unclear how secular variati¢r aggon the natal
homing process. In this chapter | use models of secular variation to quaetfitassess whether
magnetic imprinting is compatible with the known precision of animals emgaginatal homing and
the ecological implications of secular variation for the processtaf haming by magnetic

imprinting.



Compatibility of magnetic imprinting and secular variation

Summary

Diverse ocean migrants begin life in particular reproductive ateag aoastlines, disperse
across vast expanses of sea, and then return as adults to theirezetéo reproduce. Although it is
unknown how marine animals guide themselves to the correct coastal fregn hundreds or
thousands of kilometers away, one hypothesis is that animals imprint oaghetm field of their
home area and use this information to return. A potentially serious catigidor this hypothesis is
that the Earth’s field changes gradually over time, causing the magiggtatures that define natal
areas to slowly drift. This secular variation could make natal homingagmetic imprinting
impossible if the magnetic signatures moved too far from the natallar@avestigate whether
magnetic imprinting is compatible with secular variation, navigatierraks associated with
magnetic imprinting were modeled for the Kemp's ridley sea turdpidochelys kempiian
endangered species that ranges widely over the Gulf of Mexico, northerng@aribbhd the eastern
U.S. coast, but returns to nest along a single, limited region of coasthoethern Mexico. Results
spanning 1600-2010 indicate that by relying on the magnetic inclination angle, @afiemeter
turtles are known to detect, first-time nesters could consisteathe to the narrow stretch of beach
where 98% of the species presently nests. This demonstrates thagtretimimprinting hypothesis
is compatible with recent rates of secular variation and can tgmitcount for how the Kemp’s
ridley turtle, and perhaps other species, return to natal regions along ctahtheastlines even after

absences of a decade or more.

Introduction

Diverse ocean migrants, including some sea turtles, elephant sealslnaowl, $egin life in
particular reproductive areas along coastlines, disperse acsigxpanses of sea, and then return as
adults to their natal areas to reproduce (Lohmann et al. 1999; McConnell 2002; Quini_.R0&%

known about how such marine animals guide themselves to the correct capatefran hundreds
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or thousands of kilometers away and after absences ranging in duration éammariths to a
decade or more. One hypothesis is that animals imprint on the magrdtaf fieeir home area and
use this information to return (Lohmann 1999). The Earth’s field variegcfably across the globe,
so different geographic areas are marked by distinctive magnetig fitelt might, in principle,
provide unique magnetic signatures for natal areas (Lohmann et al. 2007).

A potentially serious complication for this hypothesis is that thehEdield changes
gradually over time (Lohmann et al. 1999; 2007), causing the magnetic signbatir@sfine natal
areas to slowly drift. This secular variation could make natal homingagmetic imprinting
impossible if the magnetic signatures moved too far from the nata|Coedillot et al. 1997,
Lohmann et al. 1999; Alerstam et al. 2003). To investigate whether maigmaticting is compatible
with secular variation, a species with a life history that posdknpas for the hypothesis was
chosen, because if magnetic imprinting is consistent with natal homingwmfdgorable
circumstances, then it would also be plausible in most other casesefipskidley sea turtle
(Lepidochelys kempiivas chosen because it ranges widely over the Gulf of Mexico, northern
Caribbean, and the eastern U.S. coast, but returns to nest along a siitgle région of coastline in
northern Mexico (Plotkin 2007). This species requires approximatelyslyears to reach sexual
maturity (Plotkin 2007) and is thus absent from its natal area for mucérltvan animals such as
salmon and elephant seals (McConnell 2002; Quinn 2005). Given this long abseKeeple
ridley appears to be particularly susceptible to effects of aecatiation if it relies on magnetic
imprinting.

In principle, an animal might exploit geomagnetic cues in several afitf@rays to identify
its natal area, with the optimal strategy differing depending on whéid¢autget area is along a
continental coastline or on an island (Lohmann 1999; 2007). For species duelikamp’s ridley
that nest along continental coastlines, each coastal area typicatydiféerent magnetic field
associated with it (Lohmann et al. 1999; 2007) (Figure 4.1). Sea turtles deteteiments of the
magnetic field: the inclination angle (angle at which the field linessect the Earth’s surface) and
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the total field intensity (Lohmann et al. 1999). This model, based on a hypattsgtategy of
magnetic navigation proposed previously for turtles that nest on cotstifitehmann et al. 1999),
assumes that Kemp’s ridley turtles imprint on one of these georaglahents and return at sexual
maturity to the coastal location marked by the same magnetic value. Qymsaassumed turtles
mature at 10 years, whereas a second assumed 15 years; these valuesbsaelstimates of time
to maturation (Plotkin 2007). The model further assumed that turtles couddmpensate for field
change. Two geomagnetic models (Barraclough 1974; MacMillan & Maus 2005usezien
combination with GIS software to quantify the movement of the magnetic fisledbetthe years

1600 and 2010 at Rancho Nuevo, the beach with the highest nesting density (Figure 4.1).

Methods
Magnetic Models

The International Geomagnetic Reference Field 10th generation modé&l-(IGRvas used
to determine changes in the magnetic field from 1900-2010 (MacMillan & Maus 2008 software
predicts the main-field values of magnetic elements at any lagiudiéongitude for the years1900-
2010. The main field coefficients are functions of time and for the {BRthe change is assumed to
be linear over five-year intervals. For the most recent five-gpach (2005-2010), the rate of change
is given by predictive secular variation coefficients. Values prodimedtie magnetic elements of
this model have a high degree of accuracy (rms errors for the mainrédisted for each range of
coefficients: 100 nT from 1900-1940, 300-100 nT decreasing linearly from 1945-1960, 50 nT from
1965-1990 and 10-20 nT from 2000-2010). The calculator used in this study is available on the
NOAA National Geophysical Data Center website
(http://www.ngdc.noaa.gov/seg/geomag/jsp/IGRFWMM.jsp).

Changes in the magnetic field from 1600-1900 were calculated using a secondrgama
model based on data from the British Geological Survey (Barraclough 1974jo&ided online by
the U.S. Geological Survey (http://geomag.usgs.gov/imodels/models/).dihdietd coefficients are

98



again functions of time and the change is assumed to be linear; howeverladgerttme scales the
model provides coefficients for 50-year intervals. Rms errordh@ntain field are not available for

this model.

Calculating Navigational Errors

To quantify how elements of the magnetic field moved along the coastkneitme and thus
calculate expected navigational errors of returning turtles, the geeti@amodels were used to
determine magnetic fields that existed at various points in time ahRa&hevo and at locations
every 0.05° of latitude north and south of that point along the Mexican coastlirexdfople, the
values of inclination and total field intensity were determined farcRa Nuevo in 1900. To
determine the navigational error expected for a turtle leaving thst icoE900 and returning in 1910,
another analysis was done for Rancho Nuevo and the rest of the Mexicdined@s1910. In this
way, the location (in 1910) of the inclination angle and intensity thaieexéd Rancho Nuevo in
1900 could be determined, and the distance that each field parameterdarifitgcthe hypothetical
absence of the turtle from its natal beach could be measuredungi®@sts of distance were made

using Google Earflf software, and reflected distance along the coastline (not stliaigtistance).

Results

Results indicate that Kemp's ridley turtles imprinting on the matlon angle of Rancho
Nuevo between 1600 - 1900 would return to the coast an average of about 34 kmoawiaigir
natal site if absent for 10 years or an average of about 51 km if abséBtyfears (Figs 4.1a 4.2,
Table 4.1). For the more recent and detailed model (1900 - 2010), imprinting on ioclaragle and
returning to the natal site after 10 years would lead to average tiawajarrors of 23 km or an
average of 34 km if absent for 15 years. Between 1600 and 1900, imprinting on &egitymivould
lead to returns that average 54 km from the natal site for a 10-yescalend 83 km for a 15-year
absence (Figs 4.1b, 4.2, Table 4.1). For the 1900-2010 model, imprinting on intensity would resul
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an average navigational error of 89 km if turtles returned after 10 yehB8 &m if returning after 15

years (Figs. 4.1b, 4.2, Table 4.2)

Table 4.1.Modeled navigational errors for Kemp’s ridleys asfg time to maturity at 10 and 15 years,
imprinting on either inclination angle (Inc) or abfield intensity (Int) based on BGS from 1600-Q9Whether
the navigational error is south (S) or north (NRafncho Nuevo, Mexico is noted.

Year 10 yr Inc (km) 15 yr Inc (km) 10 yr Int (km) 15 yr Int (km)
1600 568S 5685 144.7 N 217.1N
1650 89.1S 1336 S 27.8S 50.1S
1700 55.7 S 835S 724 S 111.3S
1750 16.7 N 22.3N 16.7 N 22.3N
1800 27.7S 445 S 111N 16.7 N
1850 11.2S 16.7 S 50.2 N 77.9N
Mean: 34.3 51.0 53.8 82.6
95% CI: 25.7 39.2 40.0 59.8

Table 4.2.Modeled navigational errors for Kemp’s ridleys asfg time to maturity at 10 and 15 years,
imprinting on either inclination angle (Inc) or abfield intensity (Int) based on IGRF-10 from 192010.
Whether the navigational error is south (S), n@hor at Rancho Nuevo, Mexico (RN*) is noted.

Year 10 yr Inc (km) 15 yr Inc (km) 10 yr Int (km) 15 yr Int (km)
1900 56.3 S 90.3S 33.0N 66.3 N
1905 67.8S 90.3S 55.2 N 99.5N
1910 56.3 S 789S 77.3N 127.2 N
1915 444 S 62.2 S 939N 144.1 N
1920 38.8S 56.3 S 939N 132.8 N
1925 38.8S 444 S 77.3N 110.5N
1930 27.7S 16.6 S 66.3 N 93.9N
1935 RN* 55N 55.2 N 93.9N
1940 110N 27.7N 66.3 N 105.0N
1945 16.6 N 22.1N 77.3N 110.5N
1950 22.1N 16.6 N 71.7N 110.5N
1955 RN* 55N 66.3 N 105.0 N
1960 RN* 55N 77.3N 127.2 N
1965 11.0N RN* 88.4 N 155.4 N
1970 558 111 S 116.1 N 166.8 N
1975 111 S 27.7S 116.1 N 166.8 N
1980 16.6 S 27.7S 995N 144.1 N
1985 22.1S 22.1S 93.9N 172.5N
1990 111 S RN* 116.1 N 200.8 N
1995 110N 22.1N 1554 N 219.1N
2000 22.1N - 166.8 N -
Mean: 234 31.6 88.7 132.6
95% CI: 8.5 12.7 13.7 16.9

100



o
o]
o

Inclination Angle

Rancho Nuevo

Nesting Beach Area

1900-2010, Inclination after 10 yrs
1900-2010, Inclination after 15 yrs
1600-1900, Inclination after 10 yrs
1600-1900, Inclination after 15 yrs

Lines of Equal Inclination (1 deg)

c 0 @ O

Total Field Intensity

Rancho Nuevo

Nesting Beach Area

1900-2010, Intensity after 10 yrs
1900-2010, Intensity after 15 yrs
1600-1900 Intensity after 10 yrs
1600-1900. Intensity after 15 yrs
Lines of Equal Intensity (500 nT)

Discussion

Figure 4.1 Map of the Gulf of

Mexico indicating the nesting area of
the Kemp’s ridley turtle and the
locations to which turtles would
hypothetically return under two simple
magnetic imprinting strategies. The
red hatched lines indicate the region of
coastline (approximately 160 km) in
which 98% of nests of the species are
deposited (Marquez et al. 2001;
Plotkin 2007). The turtle symbol
indicates the location of Rancho
Nuevo, Mexico (23.20°N, 97.77°W),
the site of peak nesting density
(Marquez 2001; Plotkin 2007).
Isolines in (A) indicate 1° increments
of magnetic inclination; in (B) they
indicate 500 nT increments of total
intensity.

(A) Predicted locations of returns if
turtles imprint on the magnetic
inclination angle at Rancho Nuevo and
then return 10 or 15 years later to the
coastal location with the same
inclination angle. Each colored dot
indicates the return location for a turtle
leaving the coast in a specific year
(1900, 1905, and so on). Because
some return locations are nearly
identical, not all dots are visible
results.

(B) Predicted locations of returns if
turtles imprint on the magnetic
intensity at Rancho Nuevo.
Conventions are as before.

The results demonstrate that the precision of natal homing predictedrbgghetic

imprinting hypothesis is consistent with the precision known to occur inghgpls ridley turtle. The

modeled returns of turtles imprinting on the inclination angle at Rancho Nudicatmthat, for the

last 400 years, first-time nesters could consistently home to the naretet sif beach where 98% of

nests are presently deposited by this species (Fig. 4.1a). Though modeledofdti@mg’s ridley

show that imprinting on field intensity does not always lead turtlesttiirback to the species’ main
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nesting area, turtles would arrive near their natal region (Fig. 4.1bjnbigbe, simple strategies of
magnetic imprinting can return turtles to their natal region, at which g@gtrhight use other, local
cues to pinpoint particular nesting areas. Short-range cues awaildbé vicinity of nesting beaches
might include pheromones secreted by females aggregating offshorearatimpfor mass nesting
events (Plotkin 2007), visual cues associated with the nesting areastinctive chemical cues from
the nesting beach leaching into the sea. Thus, magnetic imprinting mightseeturn turtles to a
general coastal location, around which they search for their finattdfge precision of magnetic
navigation might improve after the initial return migration becauseléel®mp’s ridley turtles nest
every 1-2 years once they have matured (Plotkin 2007). Thus, experiencedragster much
shorter intervals which provide less time for the field to change;owergeturtles might update their
knowledge of the magnetic field at the nesting beach each time thegndsitse this information to

target the natal area more accurately (Lohmann et al. 1999).

1350.0

125.0

100.0+

75.0

50.0

Mean Navigational Error (km)

T
250 I i

oo

T T T T
1900-2010 1900-2010 1600-1900 1600-1900 1900-2010 1900-2010 1600-1900 1600-1900
Inclination  Inclination  Inclination  Inclination  Intensity Intensity Intensity Intensity
(10vyears) (15years) (10vyears) (15years) (10vyears) (15years) (10vyears) (13 years)

Figure 4.2.Bar graph showing hypothetical navigational erforgurtles that imprinted on inclination angle or
intensity at specific points in time and returnedhe coastal location marked by the same magmnatie 10 or
15 years later. For simplicity all turtles werewsed to enter the ocean as hatchlings at RanchedNue
(indicated by 0 km on the vertical axis), the beatth the highest concentration of nesting. Lightezed bars
on the left half of the graph indicate outcomesiifles imprint on inclination angle; the differaneans

indicate results for different periods (1900-201@600-1900) and different assumptions about tone t
maturation (10 years or 15 years) as indicatedvbetrch bar. Dark bars on the right half of the briglicate
outcomes if turtles imprint on total intensity. &ribars indicate the 95% confidence interval fer tiean.
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Secular Variation at Rancho Nuevo Relative to Other Geographic Areas

Field elements change at different rates in different geograplais anel at different points in
time (Macmillan & Maus 2005); thus, there is no single rate of field chédnagean be applied to all
locations worldwide. The rate of change in field elements at RanchaNuouawever, falls well
within the range of rates occurring at other geographic areas used kg spatundergo natal

homing (Table 4.3).

Table 4.3.Average rate of field change (1900 - 2010) atougsicoastal locations where sea turtles, salmah, an
elephant seals return to reproduce. Data werelatdcuby the IGRF — 10 model available on the NOAA
National Geophysical Data Center website (http:Mwwgdc.noaa.gov/seg/geomag/jsp/IGRFWMM.jsp). The
data for the Kemp'’s ridley nesting location ardidgitaed. Data are listed in alphabetical order bpgraphic
location.

Geographic Latitude and Marine A Inclination A Intensity
Location Longitude Migrant (per year) (per year)
Alaska, USA 58.50, -158.00 Salmon 0.00° 31nT
California, USA  37.12,-122.33 Elephant Seals 0.01° 73nT

Costa Rica 10.45, -83.45 Sea Turtles 0.07° 99 nT
East Australia -24.80, 152.44 Sea Turtles 0.01° 29 nT
Florida, USA 27.95, -80.50 Sea Turtles 0.09° 127 nT
French Guiana 5.74, -53.93 Sea Turtles 0.29° 64 nT

Greece 37.72, 20.94 Sea Turtles 0.02° 38 nT
India 20.60, 86.88 Sea Turtles 0.13° 68 nT
Norway 61.00, 5.00 Salmon 0.00° 40 nT
Oman 20.35, 58.80 Sea Turtles 0.10° 56 nT
Oregon, USA 46.25, -124.10 Salmon 0.02° 72nT
Pacific Mexico 15.68, -96.63 Sea Turtles 0.03° 86 nT
Rancho_Nuevo, 23.20, -97.77 Kemp’s Ridley 0.03° 95 nT
Mexico Sea Turtle
South Africa -27.36, 32.74 Sea Turtles 0.04° 21 nT
South Japan 30.30, 130.42 Sea Turtles 0.02° 19nT

The exact navigational error that would occur in each case depend$iapatetof field

change, the pattern of isolines in the specific geographic area, the altgrfrtiee coastline, whether
the animal can compensate for secular variation (it was assumextiniststudy), and the length of
time that the animal is absent from the natal area. In some casessapinna to a natal area well
before they are ready to reproduce; this occurs, for example, in some moEutdtioggerhead

turtles (Sears et al. 1995; Bowen et al. 2004) but is not known to occur in the Kiehay sthe
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subject of the present study. In addition, not all species of sea turtleshehsante precision in natal

homing as the Kemp's ridley.

Alternative Methods of Magnetic Navigation

In this study, turtles were assumed to relocate their nesting areasidaaae with a simple
strategy of magnetic navigation that has been proposed previously (Lohnant980) for turtles
that nest along continental coastlines. The strategy involves dgtacsingle magnetic element (such
as inclination or intensity), imprinting on the value that exists atdlte beach, and returning later to
the coastal area marked by the same magnetic value that once akibie natal site. Although this
navigational strategy appears to be the simplest one possible fasnéturning to locations along
coastlines, more complex, alternative navigational strategies areoaksblp. For example, turtles or
other animals might simultaneously exploit two magnetic elements in @rtiicate magnetic map
(Lohmann et al. 1999; 2007). Viewed in this way, every coastal location isdiefjreeunique
combination of magnetic parameters (e.g., one value of inclination and oeeo¥ahtensity). The
task of returning to the natal area might then involve attempting tateltiee area marked by the
unigue combination of these two magnetic parameters. In the case of thesKieihey' turtle,
modeling navigational errors that arise if animals use a bicoordimegaetic map based on
inclination and intensity is difficult because the values markiegnaatal site often drift inland to
locations that are inaccessible to the turtles; thus, it is not possiiedict the location where a
turtle using such a strategy would first encounter the coast becadegeitds on the approach
direction of a turtle and how the turtle behaves when it is prevented (bgak#ine) from reaching
the desired location. For this reason, no attempt has been made in thistirdiao model
bicoordinate magnetic navigation. The results demonstrate thastabheasimple strategy of
magnetic imprinting is compatible with secular variation, but they shouldenwiterpreted as
evidence for any particular model of magnetic navigation; in partichliey,do not rule out the

possibility of bicoordinate navigation.
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Yet another strategy of magnetic navigation could also hypothetically betugées might
imprint on both inclination and intensity, but treat these as independdrgmnéather than using
them together in a classical bicoordinate magnetic map). During mostpribd studied, isolines
of inclination at Rancho Nuevo have drifted southward (Fig. 4.1) whe@a®sof intensity have
tended to drift north (Fig. 1B). Thus, if turtles were to swim firsheodoastal area marked by the
inclinationangle that once existed at the natal beach and then to the area markediaba! tineensity
(or viceversa), the animals would nearly always find the nesting beach betwawmtte this way,

inclination and intensity might be used to bracket the area of cmagilbe searched.

Can Turtles Compensate for Secular Variation?

If turtles or other animals can detect field drift during the time whenateeabsent from the
natal area and compensate for it, then they might be able to diminish or &limanaational errors
that would otherwise occur. At present, there is no evidence that armamtompensate for field
drift, although the issue has not been studied. This model assumed that anri@scompensate for
drift (thus providing a “worst-case scenario” for navigationedrs), although it is worth considering
whether this assumption is correct. The basic challenge in attemptiognpeisate for field drift is
that secular variation is not consistent over time; moreover, tteaatkedirection of secular variation
vary among different geographic areas. Thus, for turtles such as Kedhgys that mature in widely
dispersed locations far from their natal region, some individuals in dietations might encounter
field changes that roughly parallel those that occur at the ngtahravhereas individuals in other
locations will invariably encounter field drift that is signifitclgrfaster or slower. It seems
conceivable that turtles can gain some indication of the direction, ih@oate, of field change,
although whether this occurs is not known (Lohmann et al. 2007). However, any ability to
compensate would serve only to improve the precision of natal homing beyond whatrhas be
estimated, further bolstering the conclusion that magnetic imprintirampatible with secular

variation.

105



Magnetic Imprinting on Islands

The present study focuses on the Kemp's ridley turtle, one of seeartdirtle species that
nest exclusively on continental coastlines. Interestingly, marideduntsome populations of other
species nest on islands, and at least a few such populations are thoughtymdisplzoming.
Whether turtles that nest on continental coastlines find theirnegians in the same way as turtles
that nest on islands is not known; it is possible that different spexdgsopulations have evolved
different strategies appropriate for the specific navigati@sk that each group confronts (Lohmann
et al. 1999; 2007). In principle, navigational strategies exist that petamti#inding with a single
magnetic element such as inclination or intensity (see “Swimmingdhedsin Lohmann et al.
2007). Alternatively, turtles that nest on islands might need to rely on binatednagnetic maps (as
described above) or even, for a first return, on a strategy such as follonexgerienced
conspecific. For detailed discussions of island-finding, see refer¢bakmann et al. 1999; 2007;

2008b)

Stability of Nesting Areas

The nesting sites of sea turtles possess certain, specific attribateexample, the beach
must consist of sand rather than rock or mud, and the sand must possess qualitibefeor nest
construction and egg incubation. The area must be free of steep inclitlesraststacles that block
access from the sea. Appropriate temperatures for incubation and exewiigtion are required, as
are low densities of egg predators and close proximity to ocean cuhaintsin help transport
hatchlings to suitable environmental habitats (Putman et al. 2010a, b). Giveuntenisf
environmental factors, it is clear that nesting areas aresdraatl destroyed rapidly over
evolutionary time. Changes in sea level and climate, as well as stodwsosion, quickly render
favorable areas unusable and produce suitable sites where none erMtmasfy. Given that nesting

areas have undoubtedly changed rapidly over evolutionary time, the procegmefimanprinting

106



might provide a way for turtles to rapidly change nesting areas whendtiarises. Turtles returning
to a natal area that is no longer suitable for nesting (e.g., one destroystbioy)avould presumably
seek out another site some distance away; offspring would then imprint aewhiscation and

return there to reproduce.

Conclusions

This study demonstrates that the magnetic imprinting hypothesis can placsibiynt for
how the Kemp's ridley turtle, and perhaps other species, return toegitns along continental
coastlines even after absences of a decade or more. Additional studiesnveiéded to determine

whether magnetic imprinting does in fact occur in sea turtles, assvellother diverse migrants.
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Island finding: magnetic imprinting, bicoordinate navigation,
and secular variation at eight major green turtle nesting sites

Summary

Several populations of island nesting green sea tu@@lesl¢nia mydasdisperse as
hatchlings and, upon reaching maturity, migrate extraordinary distemogtsirn to their natal site for
reproduction. The mechanism by which turtles accomplish this navighfeat has generated much
speculation but has yet to be adequately explained. One hypothesis ishbathhsgs, turtles
imprint on two magnetic parameters (inclination angle and total fieddsity) that mark an oceanic
island and then use that information to return to the island at maturity. Henageetic models of
1900-2010 are used to calculate the navigational errors expected due tovse@tian (field drift)
for 8 geographically disparate nesting islands. The findings sudggesif turtles are absent from
their islands and unable to compensate for secular variation, the navigaetiormaccrued during a
25 year absence might preclude this bicoordinate magnetic imprattatggy for natal homing in
many instances; or at least make it unlikely without the useppiesmental mechanisms or strategies.
Although use of inclination and intensity pairings might be better suitédldmd finding after the
initial migration had first been completed, a simpler navigationategjy relying on a single
magnetic coordinate in combination with local cues emanating from the iatpears to be highly
stable over time periods ranging from 5-25 years and may be compadtiblenawn homing

precision.

Introduction

Numerous animals disperse from their natal site and, upon reaching ynatigitite
extraordinary distances to return to their natal region for reprodu@ti@nexact mechanism by
which animals accomplish this navigational feat has, thus far, eludedcressaLohmann et al.
2008a, b). Particularly vexing is how some marine animals such as albatedssasd sea turtles can

relocate isolated islands in a vast and seemingly featurelems @Gach et al. 1969; Moll 1983; Papi
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& Luschi 1996; Lohmann et al. 2008b). The localization of such specific g@aisatteought to

require the use of at least two coordinates (e.g. humans utilize an orthiagjtundg and longitude

system, though the coordinates need not be perpendicular) (Benhamou 2003; Gould 2008). For other
animals, it has been proposed that certain parameters of the Baatjristic field could serve as a

crude surrogate for latitude and longitude (Lohmann & Lohmann 1996; Papi & LuschiFte8ke

et al. 2006; Lohmann et al. 2007; Gould 2008; Putman et al. 2011).

The Earth’s main-dipole magnetic field is a pervasive environmhisature that varies
predictably across the surface of the Earth (Skiles 1985). For exahpkech location on the globe,
the magnetic field lines intersect the Earth’s surface ata@fspgngle (known as the inclination
angle). At the magnetic equator, the field lines are parallel to thle’€anrface and the inclination
angle is 0°. The field lines become progressively steeper toward greetitapoles; at the poles
themselves, the field lines are perpendicular to the Earth’'s sy#fdte Total field intensity (and its
vector components, horizontal and vertical intensity) also vary prbbjictaross the Earth’s surface.
In most areas of the world, the intensity gradient is not paralfielthe inclination angle gradient.
Thus, an animal capable of detecting both inclination angle and intenssigsges the needed
sensory abilities to use the magnetic field as a bicoordinate maménn & Lohmann 1996; Freake
et al. 2006; Lohmann et al. 2007; Gould 2008).

Sea turtles have been shown to use inclination angle and total field nterwiient their
movements (Lohmann & Lohmann 1994; 1996), extracting both latitudinal and longitudinal
information from the field (Putman et al. 2011). Additionally, sea turdesuse the field to
accurately determine their geographic position relative to a gohhgann et al. 2004). Thus, these
marine reptiles appear to be excellent candidates for possessingmlitiate geomagnetic map
(Akesson 1996; Lohmann & Lohmann 1996; Lohmann et al. 1999; 2007). Presumably, then, an
island nesting sea turtle could imprint on the inclination angle aedsity at its natal island as a
hatchling, disperse from the island, and, upon reaching maturity, relocastatiteby searching for
the oceanic location marked by those same magnetic coordinates (Lohrahri®989). However,

109



one complication of this hypothesis is that the magnetic field graduallg skiét time. Thus,
geomagnetic secular variation could result in the magnetic tandehger coinciding with the
geographic target.

Recent geomagnetic modeling studies indicate that the precision by whitthitkes return to
their natal regions is, in at least some cases, compatible with raesutdr variation (Putman &
Lohmann 2008; Lohmann et al. 2008a). However, these studies modeled the homing retarns of se
turtles that nest along continental coastlines. In these cases, the edastiiions as a fixed
coordinate and the magnetic isoline functions as a second coordinate. iatioaal task of the
animals is thus reduced to finding the coastline and swimming along iteattiing the appropriate
magnetic marker (Lohmann et al. 1999; 2008b; Putman & Lohmann 2008). How secularvariat
influences a strategy of bicoordinate magnetic imprinting in regaidital finding has not been
investigated in a quantitatively rigorous manner, but initial resulggest that whether secular
variation is a problem depends on the geographic region studied and theofetimge the returning
migrant is absent (Lohmann et al. 1999; Freake et al. 2006; Lohmann et al. 2008b).

Here, secular variation at eight geographically disparate islardSarsnesting by green
turtles Chelonia mydgswas examined using a geomagnetic model to quantitatively assessrwhethe
magnetic imprinting on values of intensity and inclination angle woldevdbr the successful natal
homing of island nesting sea turtles. Because a turtle might updatagitetic information of an
island after each nesting migration, so as to compensate for secidtionan its subsequent
migrations (Lohmann et al. 2007; 2008b; Putman and Lohmann 2008), this possiblbty is

considered.

Methods

A simple magnetic homing strategy at eight geographically disparateissused by green
turtles for nesting was modeled. Choosing islands in different parts obtieewas important,
because rates of secular variation differ across the globe ($8B&s Macmillan & Maus 2005). The
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selected islands include Ascension Island (equatorial Atlantick Blend (Caribbean Sea), French
Frigate Shoals (north-subtropical Pacific), French Polynesia (south-sabtrBpcific), Galapagos
Islands (east-equatorial Pacific), Ogassawra (west PaciimeRsland (Coral Sea), and Mayotte
Island (Indian Ocean) (Fig. 4.3). It should be noted that the green turtle populagiimg at these
islands are not all known to precisely home back to their natal islandedoyto make the results as
broadly applicable as possible, these islands were chosen as a rafivessainple of how this
navigational strategy might function for green turtle rookeriesfierdnt parts of the world.

Sea turtles detect inclination angle and intensity (Lohmann & Lohmann 1994,1801%)
was assumed turtles imprint on the values of both of these magnetinsé¢has exist at the island.
Because diurnal variation in the magnetic field and crustal anorikégspreclude perfect
resolution of the Earth’s main-dipole magnetic field (Skiles 1985; lawhmet al. 2007) it was further

assumed that the green turtles resolved inclination angle withit®+and intensity within €.1uT.

Figure 4.3Location of islands used in this study. (a) Ascenssland, U.K., (b) Aves Island, Venezuela, (c)
French Frigate Shoals, U.S.A., (d) French PolynégsjaGalapagos Islands, Equador, (f) Mayotte, éedqg)
Ogasawara, Japan and (h) Raine Island, Australia.

The values for inclination angle and intensity were taken at ther aérgach island using the
IGRF-10 model (Macmillan & Maus 2005) at 5 year intervals from 1900-2010. Althbeghis
variation among populations, green turtles were assumed to reach mat@&tyears (Frazer &
Ehrhart 1985; Frazer & Ladner 1986; Buskirk & Crowder 1994). Additionally, edterhing
maturity, many green turtle populations migrate between nesting sdesstant foraging grounds

every 3-5 years (Bjorndal 1980; Mortimer & Carr 1987). It has been proposedrtiest might
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update their knowledge of the magnetic field after each nesting event (botenal. 2007; 2008b;
Putman & Lohmann 2008). Thus the movement of the field from each island was measunaid@
absences of both 25 and 5 years (using Kimmo Korhonen’s IGRF applet, awailable
http://iwww.ava.fmi.filMAGN/igrf/).

Maps of inclination angle and intensity were overlaid in Adobe Photoshoareaevhere the
values of inclination and intensity intersected was designated aadlgaetic target.” The following
measurements were made (i) closest distance from the magnettddatiee island, (ii) angle from
the magnetic target to the island, (iii) distance spanned by the ricaigimgét, (iv) closest distance
from the isoline of inclination to the island, (v) angle from that point albagriclination isoline to
the island, (vi) closest distance from the isoline of intensity to thedsknd (vii) angle from that
point along the intensity isoline to the island. These seven measusemgatmade for each of the

eight islands under both scenarios of turtles returning to nest after a 25 andabsence.

Results
Natal Homing: 25 Years of Secular Variation

The distance the magnetic target drifted from a green turtle’s slaatlibetween 1900 and
2010 varied greatly among the islands (Table 4.3, Fig. 4.4). At the Galapafgsehago and Aves
Island the mean distance the magnetic target moved from each island atas than 1000 km. For
French Frigate Shoals and Mayotte Island the mean movement of the méageti exceeded 750
km. Field movement at Ascension Island and French Polynesia exceeded 475 kineAsIRad,
the mean distance that the field drifted was more than 240 km. Mean fielat @ifiasawara Island
was 55 km.

The mean size of the magnetic target varied among the islands, withefglathall distances
spanned for Mayotte, Ogasawara, and Ascension Islands (134-152 km), whéne=slatand,

French Polynesia, and French Frigate Shoals the magnetic targetBa0M62 km. The mean
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distance spanned by the magnetic targets associated with Raine Islanel @athgagos Archipelago
was 988 km and 1915 km respectively.

The direction of field drift for each island was highly consistent for the Ggdapa
Archipelago, French Frigate Shoals, French Polynesia, and Ascension IslglsigtiRR-value >
0.97, p <0.0001, n = 18; for each). Similarly, the direction of field movement forlglaesl and
Mayotte Island was also consistent (Rayleigh R-values > 0.88, p < 0.0001, n = 18h¥ombhet
direction of field drift was less consistent at Raine Island (RdylRigalue = 0.78, p < 0.0001, n =
18) and unpredictable at Ogasawara (Rayleigh R-vaule 0.39, p = 0.095, n = 18). For sysafmma

statistics see Table 4.4.
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Figure 4.4Mean navigational errors (black) estimated forlésrteturning to the magnetic target after a 25 yea
absence from the natal island and mean size of eti@garget (MT) (grey), assuming that turtles dete
inclination within 0.1° and intensity within O(IT. Error bars represent 95% C.I. of mean. Distaneasured

in km. Abbreviations along x-axis denote islandsf which measurements were made. Ascension Island
(Asc) corresponds to (a) in Fig 4.3, Aves Islandépcorresponds to (b), French Frigate Shoals (FFS)
corresponds to (c), French Polynesia (FP) corredptn(d), Galapagos Islands (Gal) correspond)io (e
Mayotte (May) corresponds to (f), Ogasawara (Ogajesponds to (g), and Raine Island (Rai) corredptnm

(h). Abbreviations of islands followed by MT showribte the mean size (length) of the magnetic target
associated with the island.
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Remigration: 5 Years of Secular Variation

After 5 years, the mean distance the magnetic target moved from leachdecreased
significantly compared to 25 years of secular variation (Fig. 4.5). Otiedbalapagos Archipelago
and Mayotte Island was mean field drift greater than 100 km (134 km and 244 km reBpettine
direction that the magnetic target moved from the island was slighflyctnsistent over 5 years;
only at Ascension Island did field drift result in a Rayleigh R-value grelaan 0.90 (Rayleigh R-
value 0.95, p < 0.0001, n = 22). The distances spanned by the magnetic target wersmlila
islands except the Galapagos Archipelago, where the mean distaregsdddrom 1915 km to 304

km. For a summary of statistics see Table 4.5.
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Figure 4.5Mean navigational errors (black) estimated forlésrteturning to the magnetic target after a 5 year
absence from the natal island and mean size of eti@garget (grey). Error bars represent 95% G.mmean.
Conventions as in Figure 4.4.

Discussion

Using an inclination angle and intensity coordinate system appdagsato attractive solution
for the localization of a target; however, there are clearly prabierhe case of island finding via

magnetic imprinting by sea turtles. The results from mapping geonagaetilar variation for the
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past century at 8 geographically disparate green turtle nestingtsitegly suggest, at a minimum,
that the strategy of bicoordinate magnetic imprinting modeled here ghfy igsunlikely to be a global
solution for natal homing to small oceanic islands.

The crucial issue is that, due to secular variation, the coordinatiedharently unstable.

With two moving coordinates (inclination angle and intensity), slight amadiigsid drift in both
elements can be compounded so that the magnetic target moves greagsistana relatively short
time. Secular variation also leads to the “bending” of inclination mteahsity isolines, i.e. changes in
the angle that isolines of inclination and intensity intersect. Hftes, 25 years, the values of
inclination and intensity might drift no more than several 10s of kilometeay from an island, but
the point of intersection can move substantially (Table 4.4). With #umetic target drifting on
average more than 400 km from 6 of the 8 islands studied, it is unclear howdlriatmagnetic
imprinting would be more precise than simpler navigational mechanisms.

In principle, the problem of “bending isolines” leading to substantitdmies of field drift
could be overcome if turtles decreased the resolution with which thagure inclination and
intensity. This can be conceptualized as the pertinent isolines incraasiingkness; thicker isolines
result in the magnetic target not drifting as far from the islanaveter, this is not a perfect solution
because as the resolution of inclination and intensity becomes coarsegénghe area of the ocean
covered by the magnetic target. Thus, if turtles have a broad tolefamegnetic field values the
area over which they must search increases. In contrast, if antediures the field with exceptional
precision then the distance that the magnetic target moves exrdasdoth cases finding a specific

island with only this information would be exceptionally difficult.

Assumptions about Green Turtle Life-History

Although bicoordinate magnetic imprinting seems incompatible with cdtsscular
variation, this does not imply that magnetic information is not usedabusites to locate nesting
islands. Luschi et al. (2007) found that placing magnets on green turtestaéch their ability to
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return to Mayotte Island (though the turtles did eventually locate thwl)sli is worth considering,
therefore, how the assumptions of this model influence the resultsightianal precision presented.
In this study, several assumptions may not always hold true foramitlislesting turtles. First, the age
that green turtles reach maturity may be less than or greater theargsy age (Frazer & Ladner
1986; Zug et al. 2002; Chaloupka et al. 2004). For green turtles that mature a5 jfears, the
effects of secular variation would, in almost every case, cause thetiodgrget to drift further from
the natal site. Presumably, if turtles matured more quickly, the figtowduld be lessened (as shown
by modeling 5 years of secular variation), though problems with the laeyefghe magnetic target
still remain. If green turtles returned to nesting islands prior hieg maturity they might be able
to lessen navigational errors due to secular variation. Early natah¢pd@havior has been observed
in some populations of loggerheads (Bowen & Karl 2007), and green tuothe$-fench Frigate
Shoals as young as 4 years old have been found near their reproductive grountal(2092).
Whether this behavior applies across other populations of island nestérgtgrtles is not known.
Additionally, this model assumes that turtles only remember two piecesgviatic
information (value of inclination angle and intensity at the islahd possible that turtles learn
considerably more about the magnetic topography around their island (e.g. thefdimid
gradients, the axis of the field, etc.). If this were the casesumight be able to employ a much more
sophisticated (and accurate) bicoordinate (or multicoordinate) mageatich for their island than
modeled here. For a more complex strategy to work, it seems likely thileavould have to spend
some amount of time in the vicinity of its island acquire additional irdéion on the magnetic
topography of its natal area. Although hatchling sea turtles from mosteotati nesting populations
quickly migrate away from their natal site (making this solutionkehl, this may not be the case for
all island nesting turtles. For instance, hatchlings from Ascensiordidianot appear to engage in
sustained offshore movements (Dalton 1979). It is suspected thatethseipredation pressure
exerted on hatchlings along continental coastlines may be relaxed foirfyg@nitering the water
from oceanic islands because turtles do not have to swim as fachgoedagic waters where
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predation risk decreases (Wyneken & Salmon 1992). If this were the cagghtipnaivide island
nesting turtles the opportunity to learn magnetic (or other) infeomassociated with their natal
island for use in subsequent migrations. Whether young turtles areecapablforming such

complex measurements remains to be determined.

Compensation for Secular Variation

The model of island finding proposed here assumed no compensation for secat@amvari
between leaving the island and attempting to return. Whether any animadidecaf compensating
for secular variation is unknown and would be difficult to demonstrate ewdpiribowever, if a
turtle could assess or predict how the field was changing it might be ae&sémInavigational errors
due to secular variation. Measurements of field drift revealed tifasknds, the magnetic target
consistently moved in the same direction, assuming a 25 year absenrdds (Fig. 4.6). Freake et
al. (2006) proposed that some sea turtle populations might locate thadsibhafirst swimming to
the magnetic target and then adopting an appropriate compass direction ttsnalaisd. For this to
be an evolutionarily feasible strategy, the direction of field drift ivee to be consistent beyond the

period modeled in this study.

An Easier Solution?

However, island finding with magnetic cues need not rely on complicatesliree@ents of
field gradients or compensation for secular variation. Some populatiohsutilge a strategy
referred to as “sailing the isoline” (Lohmann et al. 1999; 2007). Thitegly is analogous to the natal
homing mechanism proposed for turtles nesting along continental coasute®( & Lohmann
2008; Lohmann et al. 2008a). Essentially, a turtle begins its migration iaginfgrarea, locates the
value of inclination or intensity by swimming up or down the gradient, and themssalong that
isoline until intersecting the island or some localized cue emanagimgifr Measurements of the
movement of individual isolines of inclination and intensity show thiatrfany oceanic regions, one
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or both of these parameters remain quite stable over 25 year periods. tAe @ a$lands the mean
movement of the inclination angle is less than 100 km and at 4 of the 8 islanusathenovement of
the intensity is less than 150 km. Only at Aves Island did neither pardadeteithin these two

ranges.

Figure 4.6 Direction of island from
the magnetic target. The center of
the circle represents the closest
location of the magnetic target to the
island. Each arrow head represents
the location of the island from
magnetic target for a different year,
the lengths of arrows correspond to
geographic distance (distance in km,
based marked by values within the
circle). The red line indicates the
mean angle of the group, and red
semi-circle represents the 95% C.1.
of the mean. (a) Ascension, (b)
Aves, (c) French Frigate Shoals, (d)
French Polynesia, (e) Galapagos,
n.b. two vectors have arrow heads
outside the circle, these represent
two years in which the field drifted
11,222 and 10,460 km from the
island, (f) Mayotte, (g) Ogasawara,
and (h) Raine.

180 180

The most striking example can be seen for the Galapagos green tuagsgien turtles

that nest in the Galapagos have coastal foraging grounds along mainlaabacehSouth America
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(Green 1984; Seminoff et al. 2008). If these turtles imprinted on the valn€eliohtion angle at the
Galapagos as hatchlings, to relocate the island they would simply neeiditalewng the coastline of
their foraging grounds until reaching the same value of inclination anglbemdwim westward

from that point following the isoline of inclination towards the island.(&ig). If Galapagos green
turtles utilized this method for natal homing the mean navigationalwoald be 88 km (s.d. 69) to
the south. This navigational error is quite small compared to theespected if turtles search for a
bicoordinate magnetic target (2702 km; s.d. 2991). Presumably, if a turtle cotddhgjeely close to
the target then it might encounter local cues emanating from the ibrzbuld be used to further
localize it (Lohmann et al. 2008c¢). Such “multi-modal” homing has been proposzddonber of
migratory animals in which one set of cues is used for navigationarger $patial scales and another

is used over smaller scales (Lohmann et al. 2008a, b, ¢; Putman & Lohmann 2008).

-———
=
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- Figure 4.7 Hypothetical strategy for locating an

island with a single magnetic coordinate. In this
case, the coastline of South America functions as
one coordinate (where adult green turtles forage)
and magnetic inclination angle (purple line)
functions as the second. Dark green arrows show the
hypothetical path taken by turtles employing the
strategy of imprinting on the value of inclination
angle at the Galapagos Islands (marked by purple
star) and attempting to return in 25 years latee T
turtles could simply swim along the coastline from
their foraging grounds in the direction of the
imprinted inclination value and then, upon reaching
the value of inclination angle, swim west until
reaching the Galapagos Archipelago (or some
secondary cue associated with the island).

Interestingly, a mechanism of “sailing the isoline” does not necessanmiyt@ehigh degree

of navigational precision. This hypothesis predicts some degree ofcgexeiange among nesting

119



locations marked by the same isoline, as is observed for logge@aatté carettq nesting beaches
along the Florida peninsula (Shamblin et al. 2010). Numerous genetic strdjesen turtles
indicate that natal homing occurs over “regional” spatial scales anthénatis little genetic
differentiation between nearby islands (Bourjea et al. 2007). Geographisaint nesting sites in
the same ocean basin often share the same haplotypes (Bourjea et al. 2007 B@ane€2007),
which may be indicative of imprecise homing over evolutionary timescaesas then, it should
not be surprising if the mechanism for natal homing is somewhat imprecisdl as

Finally, because sea turtles detect inclination and intensithe populations associated with
different oceanic regions might be capable of evolving a strategytilisgaithe most stable
coordinate for island finding in each situation. There ia poiori reason that all populations of
island nesting turtles locate targets the same way. For instaritass might follow the inclination
angle isoline to home to French Frigate Shoals, French Polynesia, the Galamdagosiago
whereas at Ascension Island and Raine Island the intensity isoline migilizeel uUAt Ogasawara
Island, perhaps a bicoordinate magnetic imprinting strategy could besgdiect In each case,
turtles that chose the “correct” strategy and isoline(s) would prégyinarease their probability of
encountering mates and accessing nesting locations and thus that patiiatdgy would be selected
for. Regardless of these possibilities, however, any homing mechanistooabe earth’s magnetic
field by itself appears insufficient to allow for the localizatf small oceanic islands. Instead, it is
likely that turtles must also rely on an additional suite of mechanisitis,as a search strategy

(Akesson et al. 2003) or the use of cues emanating from the island (thyR0813).
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Ecological implications of natal homing by magnetic imprinting imgkrpead sea turtles

Summary

Diverse animals perform impressive feats of natal homing aftextensive dispersal stage.
While the navigational mechanism remains unknown, one hypothesis is tkatrigeants imprint
on specific geomagnetic field values at their natal site and usepakihformation inherent in the
field to return. However, the field values that exist at any partigglagraphic location gradually
shift over time. This field movement, known as secular variation, miglet $&veral important
ecological implications for populations that rely on magnetic imprindrmgturn to their natal region.
Geomagnetic models describing the earth’s field from 1900-2010 were used t@ ¢xisl@ossibility
with a quantitative model simulating natal homing via magnetic imprimtueg the past century at
eight geographically disparate loggerhead sea tiBteefta carettanesting assemblages. Modeled
navigational errors for loggerheads were consistent with previouadmthat the rate of secular
variation at major nesting beaches is compatible with known homing precisiea tirtles.
Moreover, nesting assemblages that have been shown to have relativebafspopulation
structure (Florida, U.S.A., Greece, and Japan) have had less extemsegional errors this past
century than those with coarse or no population structure (Brazil and peev@ede Islands).
Additionally, at two of the three specific beaches analyzed (Cape Lookari, Glarolina, U.S.A.
and Brevard County, Florida, U.S.A), the rate of field change over the averagh of time to
maturity for loggerheads, explained as much as 20 to 30% of the tempaastibman nest
abundance. These findings provide strong support for the magnetic imphgpothesis of natal
homing and highlight a potentially overlooked driver of ecological proseise navigational

mechanisms of animals.

Introduction
Numerous animal species disperse widely from their natal region®lvefarning to
reproduce. How these migrants navigate back to their natal regionigftersihg hundreds or
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thousands of kilometers is unknown. One hypothesis is that some species migttitdmgre
magnetic field of their natal region and use that information to retwimniann et al. 1999, 2008;
Putman & Lohmann 2008). The elements of the Earth’s magnetic field varytpliygiacross the
globe; thus, with knowledge of even a single magnetic parameter (e.g. vaildmation angle or
intensity) geographic position relative to a known magnetic goal can be d¢tlobethnn et al.
2007). Typically, geographic regions are marked by distinctive magradties. Young animals
might therefore imprint on the fields at natal locations prior to dssh@nd then use this information
to facilitate the subsequent return migration (Lohmann et al. 1999, 2008a).

One notable aspect of the magnetic imprinting hypothesis is thatrseauédion of the
Earth’s field results in the homing cue(s) shifting over time. Eoelar variation of the magnetic
field occurs across the globe in a somewhat unpredictable manner amaf eular variation differ
greatly by regions (de Santis et al. 2002). Unless an animal repeatediysupsiknowledge of the
magnetic terrain of a particular region, compensation for seculatigaris unlikely. Thus, secular
variation is likely to impose a degree of imprecision on geontegineming (Lohmann et al. 1999;
2007; 2008a; Southwood & Avens 2010). In principle, errors due to secular variatiba aasessed
if the following are known: (1) which magnetic element is being uggdtyrate of secular variation;
(3) the pattern of magnetic isolines in the specific geograpbaa; &4) the size and alignment of the
target area; (5) how well the animal can resolve magneticsiadne (6) the length of time that the
animal is absent from the natal area. Recent studies using geomagpels suggest that secular
variation does not preclude several species of marine migrants frogssfidly employing a
magnetic imprinting strategy to return to the vicinity of their hsita (Putman & Lohmann 2008;
Lohmann et al. 2008a). However, little consideration has been given to how rmanagatrors
associated with secular variation might affect evolutionary and ecalggocesses.

Here, a quantitative model of natal homing by magnetic imprinting (Putmarh&ann
2008) was applied to make predictions about the spatiotemporahpzftsraying over the past
century at eight geographically disparate loggerhead sea tDalet{a carettq nesting assemblages.
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At locations where data were available, whether secular variatieidpd explanatory power for
phylogeographic patterns along nesting assemblages and temporal varingshabhundance was

examined.

Methods
Life-History of the Study Species

After hatching, loggerhead sea turtles disperse thousands of kitsrfreta their natal
shores, remaining in the open ocean for 6-12 years (Bjorndal et al. 2000a; Musiok#s 1997).
After this pelagic stage, they return to their natal coast whillemmature. Upon reaching maturity
they nest in the same geographic region where they hatched (Bowem 208@). Atlantic and
Indian Ocean loggerheads begin nesting at about 20 years of age (Pazugni®98; Baldwin et al.
2003) whereas Pacific Ocean loggerheads begin nesting around age 30 (NMFFSA&S1998).
Once loggerheads reach maturity they typically make reproductivatioigs every 2-4 years from
foraging grounds to their natal region to mate and nest (Bolten & Witheni2§03). Thus, the
longest period that loggerheads are out of contact with theirnegiah (and presumably unable to

directly compensate for secular variation) occurs during thigiali dispersal stage.

The Model

Using the methods of Putman and Lohmann (2008), a simple magnetic homing strategy wa
simulated for eight major loggerhead nesting assemblages (soutls#asCape Verde, Greece,
Brazil, South Africa, Oman, Japan, and east Australia) (Table 4.6, Figurd_ddt)erheads detect
inclination and intensity (Lohmann & Lohmann 1994, 1996) and it was assumed that turtles
imprinted on the value of one of these magnetic elements. The towétiothe highest nest density
at each loggerhead nesting assemblage was taken as the stedtiiog fior all analyses. Two
separate analyses assumed that turtles return to the coastalmegked by the same magnetic value
after exiting the pelagic stage and upon reaching maturity. In natural fiopsiiahe duration of the
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pelagic phase and time to reach maturity vary due to differences in engivtaimarameters (e.qg.,

food availability and temperature) experienced by individuals (Muicimpus 1997). To simplify

for this model, it was assumed that loggerheads exited the peataggcad five years old. For
loggerheads in the Atlantic and Indian Ocean Basins maturity wasessane reached in 20 years
(Parham & Zug 1998; Baldwin et.&003), whereas in the Pacific maturity was assumed at 30 years
(NMFS & USFWS 1998). Thus, these analyses bracket the range of timeytpitiahloggerhead is

away from its natal region.

Figure 4.8 Maps of the eight major loggerhead nesting beawalese simulations of natal homing via magnetic
imprinting were modeled: (a) Florida, U.S.A., (aBil, (c) Cape Verde Islands (d), Zakynthos, Gege®)
Tongaland, South Africa, (f) Marisah Island, Om@),Mon Repos, Australia, and (h) Yakushima, Japan.

International Geomagnetic Reference Field 10th generation soffiM&R€&-10) was used to
calculate return locations of loggerheads, based on changes in the magiddtiorh 1900-2010
(Macmillan & Maus 2005). IGRF-10 predicts the main field values of ntagekements from 1900-
2010 at the Earth’s surface. Magnetic fields produced by minerals atti®s crust are not taken
into account by IGRF-10, but they did not need to be considered becauskfiefdsteemain static
over the time scales of interest. Loggerhead return locations veasuned with a spatial precision of
0.05° latitude and longitude from 1900-2010 at five year intervals in accordéhoghanges in the

main field coefficients given by IGRF-10. The distance from the nataitbto the modeled return
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location was measured using Google Eatpftware. Homing was modeled under the following
scenarios: (1) turtles imprinted on inclination angle and retum@ae years; (2) turtles imprinted on
intensity and returned in five years; (3) turtles imprinted gliriation angle and returned at maturity;
and (4) turtles imprinted on intensity and returned at maturity sélaealyses were performed for all
nesting assemblages except South Africa because from 1900-1945 figlof lineensity ran parallel
to the coastline; thus, the same value of intensity at the fitataless found at multiple locations
along the eastern coast of Africa making a meaningful assessmarttesf imprinting on intensity
impossible. For this region only analyses of turtles imprintingnoimation angle were performed.
Secular variation rates are nearly identical across thehlefigt nesting assemblage, so modeling
homing precision based on magnetic imprinting at one location gives a riel@soxaation of the

precision possible across the entire range

Comparing Model Output to Observed Homing Precision

Several techniques exist to test this model’s predictionsistgaipopulation’s known
precision of natal homing, though not all are available for each loggerhdad)rrssemblage. The
most definitive analysis would be to mark turtles as hatchlings and detewhere they returned to
nest as adults. Due to the considerable obstacles of this undertalatigelsefew turtles have been
studied in this way (Baldwin et al. 2003; Hughes 2010). However, at Mon Reposlidus major
tagging study was undertaken on hatchling sea turtles in the mid-1970s to detgerahenaturity
and homing precision. At present, only anecdotal reports of adult twtilesing to the region of
hatching have been reported by the Queensland government (http://www.derm.gldvgitclife-
ecosystems/wildlife/watching_wildlife/turtles/turtle_tkammg/premiere.html).

The use of mtDNA markers has proved valuable in verifying and understantihgoaing
in sea turtles (Bowen & Karl 2007). By comparing haplotype frequencies atgiesaches across a
nesting assemblage the precision of natal homing can be determinedfieasigdifference in
haplotype frequency between two areas is assumed to demonstrate independativpepuald the
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geographic distance between those areas indicates the natal homingm(8cgien & Karl 2007).
Phylogeographic analyses suitable for comparisons to the model output hacermhested for
Florida, U.S.A. (Bowen & Karl 2007; Shamblin et al. 2010), Greece (Schroth et al, 18p&h
(Hatase et al. 2002), Brazil (Reis et al. 2009), and Cape Verde (Mongdeiret al. 2010)

For nesting assemblages where no tagging or genetic data are aytikllext best option
was to compare modeled homing precision to the range limits of the nestergtdage. At a
minimum, such comparisons can rule out the modeled navigational strategyebhoming if errors

consistently exceeded the nesting range of a population by a wide margin.

Temporal Variation in Nest Abundance

Additionally, whether the rate of secular variation at a given nelkéagh provides any
predictive value for temporal trends in sea turtle nest abundanexamed. Numerous variables
likely influence the temporal variation in nesting on a given beach. Howgsea turtles imprint on
the magnetic field as a homing mechanism, then the probability of t@tlesing to their natal site
should increase as the rate of secular variation decreases. 3otasgspossibility, a thorough search
of the literature was conducted to find datasets in which more than 10umrgiyears of
standardized nest counts had been obtained. A number of long-term nest moniidregisave
been carried out across the world (Australia, Japan, South Africa,,Rie&i] and Greece), but only
three have published their data in an accessible format. Thesetslatakide Zakynthos, Greece
(1984-2002) (Margaritoulis 2005), Florida, U.S.A (1990-2009) (Florida Fish & Wildked Cape
Lookout North Carolina, U.S.A (1990-2005) (Cordes & Rikard 2005). For the Floridsetlata
records were available for all Florida counties; however, Brevanti@avas selected for analysis
because it consistently has the highest nest abundance acrosetf\Wistarington et al. 2009). The
latitude and longitude of the area with highest nest abundance for each beatihgvas input into
IGRF-11 to determine the amount of field drift for inclination angle and inetisit occurred during
the years of available data. In the Atlantic basin loggerheads ardthougature by age 20 (Parham
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& Zug 1998); therefore the amount of field change for the 20 years hedgrealculated for each
year in which nesting data was available. Linear regressions wéoenped to determine whether the
change in inclination angle, intensity, or time (i.e. an increasing oeasng trend in nesting during

the observation period) correlated with the corresponding nest abundaaeaekldyeach.

Results
Model Results

Simulations of turtles returning at maturity show that using indinangle, loggerheads
could return, on average, within100 km of their natal beach in the southeast U.S.A., Greece, South
Africa, Oman, Japan, and east Australia. Along the Cape Verde Islamels wotild return on
average within 275 km from their natal beach. Across the Brazilian codes twould return within
780 km of their natal site. Simulations of homing via intensity led teesuréturning within 100 km
along Japan and East Australia. Turtles from the southeast U.S.A., €ajee Brazil, and Oman
would return within 265 km of their natal site. Along the coast of Greece twalglsl return on
average 657 km from their natal site.

For simulations in which loggerheads returned after exiting the pedtagje (five years),
most scenarios of imprinting on either the inclination angle or intewsityd have consistently led
loggerheads, on average, within 65 km of their natal beach. Only two scatitieofom this
pattern. Imprinting on the inclination angle in Brazil led to navigatierrars that averaged 240 km
from the natal site and imprinting on intensity in Greece led to retobansiveraged 100 km from the

natal site. For full results of the simulations in their geographicaégbsee Fig. 4.9 and Table 4.6.
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1000N

Figure 4.9(a) The graph shows
results from simulations between
1900 and 2010 for turtles leaving the
natal site and returning at maturity to
the location marked with either the
same inclination (I) or same intensity
(F) as the natal site. See text for
details. Data is plotted so that the
natal site for all beaches is at 0 km
(marked by the solid line) and
modeled returns above this location
were north of the nesting beach,
whereas returns below 0 km were to
the south of the nesting beach. Open
circles represent individual data
points, error bars represent the 95%
confidence interval of the mean. (b)
The graph shows results from
simulations between 1900 and 2010
for turtles leaving the natal site and
returning after five years to the
location marked with either the same
inclination or intensity as the natal
site.
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Table 4.6Loggerhead nesting assemblages where navigatiooasdased on secular variation from 1900-
2010 were modeled. The last four columns give nmeasigational error (and 95% Cl in italics) relatieenatal
site for each simulation.

Nesting Latitude Age at IncIinati_on Inclination Intensi_ty Intensity
Assemblage aqd Maturity Juvenile Mature Juvenile Mature
Longitude (years) (km) (km) (km) (km)
Southeast, USA 27.950 N 20 8N 37N 63 N 262 N
(Melbourne Beach) 80.497 W 9S-25N 30S-105N 48-79N 208-316N
Cape Verde 16.123 N 20 65N 273N 54 N 240 N
(Boa Vista) 22.908 W 60N-70N 258-288N 43-66N  214-265N
Greece 37.723N 20 24 S 67 S 97 S 657 S
(Zakynthos) 20.934 E 40S-8S 88-46S 127-67S 931-384S
Brazil 12.900 S 20 240N 779N 61N 262 N
(Salvador) 38.300 W 182-297N 697-860N 40-82N 196-327N
South Africa 27.362 S 7N 35N
(Tongaland) 32.739 E 20 25S-40N 80S-150N N/A N/A
Oman 20.350 N 20 27S 88S 53S 201S
(Marisah Island) 58.801 E 40-13S 128-47 S 78-28S 99 -303S
Japan 30.296 N 30 1N 6 N 10S 89S
(Yakushima Island) 130.415W 4S-6N 17S-29N 23-2N 122-55S
East Australia 24795 S 30 17N 57N 58S 26 S
(Mon Repos) 152.443 E 9 -25N 36-77N 16S-7N 60S-8N
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Comparison to Known Precision of Natal Homing

Phylogeographic studies from the southeast U.S.A. (Encalada et al. 1998; Shaaiblin e
2010) and eastern Mediterranean (Schroth et al. 1996) suggest that thiepafdoggerhead natal
homing is on the order of 50-100 km (Bowen & Karl 2007). Analyses indicate thateFéord
Mediterranean loggerheads that imprinted on inclination angle cetlrn to their natal region at
maturity with this level of precision. Loggerheads from Floridprinting on inclination angle would
return on average 37 km north 8 km) of their natal site if returning at maturity, whereas
imprinting on intensity would lead to returns on average 262 km nof# km) of their natal site.
Modeled navigational errors from Greece suggest that loggerheadistingpon inclination angle
could return loggerheads on average 67 km soufi (km) of their natal site, whereas imprinting on
intensity would lead to returns that average 657 km sou#74+m) of the natal site.

Less fine-scaled phylogeographic analysis from Japan suggestst#hdonaing is at least as
precise as 100-200 km (Hatase et al. 2002). Modeled homing precision of édpggesheads
indicates that imprinting on inclination angle would return turtles oragee km north (23 km) of
their natal site, whereas imprinting on intensity would lead to retuathsitlerage 26 km south 84
km) of their natal site. In this case, both inclination angle and intemsitgkable homing cues and
could equally account for the known precision of natal homing by Japanese loggerhea

For the Brazil nesting assemblage, phylogeographic patterns weribel@smsed on
political boundaries of four coastal states (Reis et al. 2010). Unfoetynihtis does not provide
sufficient resolution to infer homing precision beyond the assessmeatgigmificant difference in
the haplotype frequency of nesting turtles can be detected aftelitrge®00 km south from the
northernmost state included in the analysis. The modeled navigatiaralferrturtles in Brazil are
quite high and consistently to the north. Imprinting on inclination anglétedsn turtles returning,
on average, 778 km to the north and using intensity the return location is 260 knirterestingly,
southerly nesting beaches comprise turtles with a single haplotype (¥%@¥hmed loggerheads)
and the northern beaches have this same haplotype (~83% of samplelddadgerTherefore, the
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genetic markers used in this study would not be able to differettititss from southern beaches
“straying” due to northerly field drift. Even though relying on magnetigrinting for regional
homing would result in large errors, these errors appear compatibldvevikhdwn phylogeography
of this nesting assemblage.

At the Cape Verde Islands, unlike at other nesting assemblages, nendifén haplotype
frequency was observed within the archipelago (though haplotype frequestoies the archipelago
are distinct from other nesting assemblages in the Atlantic) (MoAmgirello et al. 2010). Likewise,
modeled navigational errors suggest that turtles would consistenthfebaeturn to the vicinity of
the nesting assemblage if they relied on magnetic imprinting, but distiigg nesting locations
among islands would not be possible. Navigational errors from the natfdrsiiclination angle
would be, on average, 273 km 1% km) and 240 km (25 km) intensity. Although these distances
seem large, the furthest the inclination drifts from the archgpakonly 75 km to the northwest.
With the next closest beaches more than 600 km to the east, imprinting on elthatiam angle or
intensity would be sufficient to return turtles to this nesting alSkega.

Only in East Australia have individual loggerheads been marked upon hatchingratitethe
precise nesting location verified. Anecdotal reports indicate thaasttone loggerhead hatchling
marked in 1975 returned 29 years later within 8 km of her natal site (httz/derm.qld.gov.au/
wildlife-ecosystems/wildlife/watching_wildlife/turtlesittle _tracking/premiere.html). The
remarkable homing accuracy reported for this turtle is consistdmtwitdel predictions that
loggerheads leaving Mon Repos in 1975 and returning in 30 years to the impratiteation angle
would return 7.2 km from their natal site (loggerheads imprinting on inyemsitld return 181.6 km
from their natal site). Although this precision is not typical for the pastury, the mean rate of field
change for both inclination angle and intensity are quite low (57 km north and 26 km sout
respectively). Thus, it appears that throughout most of the centuiyeBlgirecise natal homing is

possible using magnetic imprinting in East Australia.
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For the other two nesting assemblages (Oman and South Africa), modeledioaaigerrors
can only be compared to the nesting range. At Marisah Island, Oman, imprintingratimtlangle
led turtles, on average, 88 km soutM{-km) of their natal site, well within the range of loggerhead
nesting beaches between Oman and Yemen (Baldwin et al. 2003). In contrastingpriribtensity
led turtles an average of 201 km soutl102 km) of their natal site. For South Africa, the average
navigational error for turtles that imprinted on inclination angle 8&km north (115 km). The
inclination angle drifted sometimes substantially over the pasiigeas much as 464 km to the
south); however, the net location was consistently near the home beachhramdh@iknown nesting
range (Baldwin et al. 2003). Along east South Africa, intensity isolumeparallel to the coastline

making it unlikely to be useful to turtles as a navigational marker.

Regression Analysis of Temporal Variation in Nest Abundance

Regression analyses of temporal variation in nest counts for Cape Loo&atht(drolina,
U.S.A. between 1990 and 2005 indicated that as the rate of field change fatiaolangle
increased, nesting decreasgd=0.311, p < 0.025, n = 16). No relationship was observed with the
change in intensityr{ = 0.045, p > 0.430, n = 16) or tim& € 0.126, p > 0.178, n = 16).

Regression analyses of temporal variation in nest counts for BrevardyClelanida, U.S.A.
indicated a decreasing trend of nest counts between 1990 and26@369, p < 0.001, n = 20).
Additionally, as the rate of field change for inclination angle ine@easesting decreased € 0.562,
p < 0.001, n = 20). Likewise, the rate of field change of intensity also correspoitdettereased
nesting % = 0.599, p < 0.001, n = 20). However, the rate of secular variation of inclinatitenand
intensity are highly correlated (Pearson’s r = 0.949, p < 0.001, n = 20). The corretavi@en nest
abundance and the rate of intensity field change is likely spurious becawseserved
phylogeographic patterns are incompatible with model output of turtleageiyi intensity for
magnetic imprinting (Fig. 4.9a). Variance partitioning of a multipleasgjon analysis (Legendre &
Legendre 1998) of time and change in inclination amgle 0.570, p < 0.001, n = 20) revealed that
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0.8% of the temporal variation in nest abundance could be attributed to time, 20ct%uisted for

by the change in inclination angle, and 36.1% of the variation explained carurogbely ascribed

to time or change in inclination angle.

Regression analyses exploring temporal variation in nest counts between 12802ifor

Zakynthos, Greece revealed that neither time, change in inclination aagthange in intensity

provided any explanatory powef & 0.046, p > 0.377, n = 20; for each).
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Figure 4.10Linear regressions of
loggerhead nest abundance vs. the change
in inclination angle over a twenty year
period. Dashed lines indicate 95% C.I. of
the estimated best fit line. (A) Nest
abundance at Cape Lookout, North
Carolina U.S.A. from 1990 to 2005,
showed a significant relationship with the
change in inclination angle®(= 0.31, p <
0.02, n = 16). (B) Nest abundance at
Brevard County, Florida, U.S.A. from
1990 to 2009 showed a significant
relationship with the change in inclination
angle (F=0.56, p <0.001, n = 20).
However, because at this beach there is a
general decrease in the number of nests
laid through time a variance partitioning
analysis was performed examining the
effect of change in inclination angle and
time. This analysis revealed that 20.1% of
the variation in nest abundance was
accounted for by the change in inclination
angle, approximately 1% was accounted
for by time, and the remaining 36% could
not be uniquely ascribed to either time or
the change in inclination angle. (C) Nest
abundance at Zakynthos, Greece from
1984 to 2002 did not show a significant
relationship with the change in inclination
angle. See text for further discussion.



Discussion

The nesting sites of sea turtles possess a suite of necessary trét allow for the
successful incubation and dispersal of offspring. For example, approphateateiand incubation
temperature are required (Carthy e28l03; Miller et al 2003), as is close proximity to ocean
currents that can help transport hatchlings to suitable nursery bgBitsinan et al. 2010a, b). Some
coastal locations provide better nesting habitat than others, yettited components for successful
nesting are probably difficult or impossible for turtles to assessttiir By nesting in their natal
region, females are assured the location has the attributes neesiecttssful reproduction as it
allowed for their own successful growth and development (Lohmann et al. 2008agvet,
similarities in environmental conditions among nearby coastal Gmsatnight not require (or permit)
turtles to evolve a mechanism of pinpoint homing accuracy. Thus, a homing sthatieggturns
turtles to the vicinity of their natal site is likely sufficiantensure that offspring encounter
appropriate environmental variables. This quantitative assessfrtbetmagnetic imprinting
hypothesis suggests that such a strategy is well-suited for thgatiamal task.

The model’s results indicate that the precision of natal homing would not bartigeacross
all loggerhead populations, or even year to year in the same region.tinggyegsesting assemblages
where there is evidence for relatively structured populatioaspfiecise natal homing) such as the
southeast U.S.A., Greece, and Japan have much lower rates of seculanvhitapast century
compared to nesting assemblages such as Brazil and the Cape Veudievslare the field has been
changing more rapidly and population structure is less well defined, obsetved. Regardless, at
all eight nesting assemblages, assuming turtles return to the cowgtiety, imprinting on
inclination angle returned modeled turtles with approximately the gaetision that is known for
each population. In contrast, in the southeast U.S.A., Greece, Oman, and South Afridonatig
errors modeled for turtles imprinting on intensity appear incompatible hatbgtimates of natal

homing precision. In Brazil and the Cape Verde Islands, imprinting on integaity to smaller
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navigational errors than inclination angle (though navigational erranglofation angle are still
compatible with known homing precision at those two nesting assemblages).

It is not necessary to assume, however, that all loggerhead populatidhe same magnetic
parameters to locate their natal region. Because widely separatid) mssemblages of loggerheads
are reproductively isolated (Bowen & Karl 2007) and novel navigatioreegies can evolve
relatively rapidly (Berthold et all992; Helbig 1996) it is plausible that loggerheads could evolve
strategies that most effectively guide homing based on the selectsei@® of a given region.
Furthermore, juvenile natal homing (Bowen et al. 2004; Bowen & Karl 2007) could agiry
compensatory mechanism for secular variation. Though the precision ofiguvatsl homing has not
been determined, these results indicate that it could considerat@gsedioming accuracy (using
either inclination angle or intensity) (Fig. 4.9b). These early retortige natal coast could serve to
ensure that natal homing for future nesting efforts is successful owyiradl turtles to update their
knowledge of the field in their natal region and compensate for seeulation long before their first
reproductive migration. Whether this occurs, of course, is speculdineegtt the recalibration of
navigational systems appears quite common in birds (Able & Able 1990; Cochta(&3).

Although recalibration of the magnetic information remembered byusiestand the use of
more localized cues could be used to further refine a turtle’srseara natal region, in many cases it
appears that natal homing is not particularly precise. It has been sapestthis lack of precision
could be attributed to the use of magnetic cues for homing (Shamblin et al. 20l0%t&uce,
phylogeographic analyses using mtDNA indicate that Florida loggerhdéateuliate their natal
region in terms of north-south, but not east-west. When published, this enigmétigeaigyaphic
pattern was not explained (Encalada et al. 1998); however, in a more recent ded de#dysis it
was suggested that this pattern could be the result of loggeriebandg on a single magnetic cue to
locate the beach on which to nest (Shamblin et al. 2010). The Florida pergreigated north-
south, whereas isolines of inclination and intensity run approximeadstynest. Consequently, at a
given latitude, the east and west coasts of Florida are marked byrthéngdination angles and
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intensities, but northern and southern Florida are marked by differeesvalinclination and

intensity (Fig. 4.11).

Presumably then, Florida loggerheads could readily determine whatlyarére north or

south of a location using magnetic cues, but determining differenceschedast and west coasts of

Florida would be impossible using a single magnetic cue, because thedeasish coast are marked

by the same magnetic values. Thus, if regional homing were accomplishedhsgtimamprinting,

over time straying from east to west across Florida might causegbpsktions to develop a

homogenized haplotype frequency, whereas significant differences in Ipgpfeguency would be

maintained north to south. Indeed, several individuals have been documestitegl ore both sides of

the Florida peninsula, a behavior consistent with this interpretateBuff 1974; Bowen et al. 1993).
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Figure 4.11Map of Florida, U.S.A. and
inclination angle (plotted at 1° intervals).
Nesting beaches with significantly
different haplotype frequencies are in
different colors (red and blue). The area of
haplotype frequency overlap is colored
purple. Beaches that have the same
inclination angle on the east and west
coasts of Florida do not have significantly
different haplotype frequencies. Inclination
angle would not provide turtles with the
information needed to distinguish the east
from the west coast of Florida. Turtles
could use inclination angle to differentiate
nesting beaches north to south and
differences in haplotype frequency are
observed north to south.

In addition to natal homing by magnetic imprinting influencing spatial pettever

evolutionary timescales, it also appears that, in at least soe® @asight help explain temporal

variation in sea turtle nesting at individual beaches. For turtlemating to relocate their natal site

using magnetic cues, it should be expected that a greater number of tuitesuccessfully locate

their nesting beach if the field changed little between the yeahthatdft and the year they attempt
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to return. During periods with high rates of secular variation afritite homing cue might lead
turtles to nest at locations distant from their natal site and nail#ed in nesting surveys.

At the three nesting beaches where the relationship between nest abuamthseeular
variation was explored (Cape Lookout, North Carolina, U.S.A., Brevard Codatidd; U.S.A., and
Zakynthos, Greece), one would expect that if turtles relied on magmetimting they would use
inclination angle because the rate of change in inclination angle fpagteentury is compatible
with observed phylogeographic patterns whereas the change in intensity isabo(githough NC
was not specifically examined in the spatial modeling analysisatbef field change and
navigational errors for inclination angle and intensity are sinoléndse at Florida.) The discussion
will therefore be restricted to secular variation of inclinatingle.

Regression analyses indicated that the amount that the inclinatittndnanged after a 20-
year time-lag (the average age to maturity for loggerheads in thetiajlwas a significant predictor
of nest abundance at Cape Lookout, North Carolina and Brevard County, Florida. lrafessehe
greater the change in inclination angle the fewer nests wdrdfég. 4.10) The change in
inclination angle predicted approximately 30% of the variation in nestingebat1990 and 2005 at
Cape Lookout. For Brevard County, Florida, the findings were somewhat mopicaied. Initial
analyses showed that 55% of the variation in nesting between 1990 and 2009 coottib&ddor
by the change in inclination angle. However, there also was a significaiatde in nesting over the
monitored period (see also Witherington et al. 2009). After performinanez partitioning for a
multiple regression analysis considering the change in inclination angleeadddreasing temporal
trend, it was apparent that the change in inclination angle accounted for #@84vafiation in
nesting with 36% of the variation unable to be uniquely ascribed to eitieeot the change in
inclination angle. These findings provide the strongest evidence tdhdateta turtles rely on a
magnetic imprinting mechanism to return to their natal site. Additigrthey suggest that the
mechanism by which animals navigate has profound, though previously unrecognizagicakol
implications.
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In Zakynthos, Greece, however, nest abundance was not correlated wilatige in
inclination angle over 20 years (Fig. 4.10). The differences betweé&akyathos nesting beach and
the beaches on the western Atlantic basin may provide some insightsemature of the
navigational task for loggerheads engaging in natal homing and the possiloiemalgnetic
imprinting. First, the rate of field change over the periods of nestinguarie gneater for North
Carolina and Florida (range: 1.56 - 1.82 degree change in inclination ang@0oxesars) than in
Greece (range: 0.08 - 0.42 degree change in inclination over 20 yearsforéet is possible that
the rate of secular variation in Greece was sufficiently low duhisgpieriod that it did not pose a
problem to returning loggerheads. Consistent with this explanation isistenee of a positive
correlation between the magnitude of field drift and the amount of variatioesting explained by

field drift (Fig. 4.12).

Figure 4.12Percent variation in nest

North abundance explained by the change in
Carolina 4 inclination angle regressed against the mean
change in inclination angle over the study
period. For the three regions studied, there
was a positive correlation between the mean
magnitude of change in inclination angle and
the percentage of variation in nest abundance
that was explained by this field drift {R
0.99, p < 0.001, n = 3). Although this is a
small sample size, the trend suggests that the
Greece greater the amount of field drift at a
particular beach, the more pronounced the
effect it has on temporal patterns of nesting
in sea turtles.
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Another possible reason for the difference among nesting sites in hbsewdhr variation
of inclination angle accounted for variation in nest abundance is magtatgaomorphology
differences between nesting beaches in Greece and the eastermbd$ b&ches in Greece are
typically characterized as “pocket beaches” relatively shornigtheand marked by intervening
regions of rocky coast. In contrast, North Carolina and Florida have hundretsdtkirs of
uninterrupted sandy beach along their coastlines. Turtles searchthg fappropriate inclination
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angle along Florida and North Carolina might be led north or south of tHesitaitdue to secular
variation, but would still find a sandy beach and might not rely on localizechsue=avily as turtles
nesting in Greece that must search for non-rocky coast for nesting.ioAdtht loggerheads from
North Carolina and Florida travel the width of the North Atlantidrbaser a period of 6 to 12 years
making it unlikely that they could keep track of the secular variatioaraag at their home beach.
Turtles from Greece, on the other hand, may spend their lives largeiy thighMediterranean Sea
(Bolten 2003). Thus, keeping compensation for secular variation might bel@dssthis
population (Lohmann et al. 2007).

Irrespective of these considerations, the findings presentegroerde the strongest
evidence to date that is consistent with the magnetic imprihtipgthesis of natal homing. Further
research on how secular variation might influence temporal trends ingiisstvarranted,
particularly including more beaches for analysis. Ongoing phylogeogrsipities along nesting
assemblages will be a critical aspect of testing this hypotledetermine if changes in haplotype
frequency over time can be explained by the direction and magnitude of secidion. Likewise,
as genetic markers become more precise and less expensive to dmaggsaon be possible to test
additional predictions of the magnetic imprinting hypothesis. Although suikéhdhethods are
informative, only a carefully controlled experiment will answer lbigstanding mystery of animal
navigation. This present study may stimulate additional radsearthe topic of magnetic imprinting
as a mechanism for natal homing and, more generally, how the mechanismsabharigation

shape ecological and evolutionary patterns.
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CHAPTER 5

CONCLUSIONS

Migratory behavior in sea turtles is fundamental to understamdlimgpects of their life-
history, ecology, and evolutionary trajectories. The conclusions reathies dissertation provide
key insights to sea turtle biology that can inform conservation and nraeagefforts, studies on
other animals, and movement ecology theory. In particular, it has been shownirtfzitravigation
and migration studies can help address long-standing questions in dréblafggical disciplines of
ecology and biogeography.

In Chapter 2 of this dissertation | showed that, within the reproductive cdsga turtles,
nesting beaches in close proximity to ocean currents that aid the offsheenants of young turtles
typically have higher nest abundance than beaches further from such curtestsiogeographic
pattern along nesting beaches is likely mediated by adult sea tattlasmg to the vicinity of their
natal site for reproduction; a greater number of adults nest ablusétat favor survival to maturity
(Bowen & Karl 2007; Lohmann et al. 2008a). After | published these findings in 20d0gPet al.
2010a, b), the hypothesis has found additional support from modeling studies ompatealturtle
dispersal in Japan (Okuyama et al. 2011) and Australia (Hamann et al. Rt thncordance
among these and my own studies strongly suggests that the relationsl@prbeésting distributions
and oceanic conditions that influence dispersal is a global biogeg@Ehenomenon in sea turtles.

Additionally, my empirical and theoretical work on the sensory aspesesadiurtle
migrations has greatly advanced the understanding of the function of rnagfegmation in animal

navigation. The hypothesis that the earth’s magnetic field functionsiesoadinate magnetic map



in animal navigation has been debated for more than a century (ViguierAl8&2am 2006; Gould
2008). In my dissertation | add to this discussion by providing new insights fanagwnetic
information might be used as a bicoordinate map in different contexts. In 1994996 it was
discovered that sea turtles are capable of detecting two mapagdioeters, inclination angle and
intensity (Lohmann & Lohmann 1994; 1996). From these discoveries it was hypothbaizind se
two parameters might serve as the basis of bicoordinate magnpsdmsea turtles and other
animals. It was suggested that such maps might function in a myriad of waysgr&som providing
spatial information to juvenile loggerhead turtles followingrawdar migratory route around the
North Atlantic to providing adult turtles with a mechanism to locate isolateghacislands for
nesting (Lohmann & Lohmann 1996).

Although potentially rich in explanatory power for how long-distance migramigjate,
bicoordinate magnetic maps have been viewed with much skepticism (e.tll@@iral. 1996;
Freake et al. 2006; Akesson & Hedenstrém 2007; Thorup & Holland 2009). Across mismyf plae
world magnetic parameters are best suited for determining latitabié \®as thought that the
magnetic field was unlikely to provide longitudinal information (Gould 2008wéVer, | showed
that hatchling turtles can extract longitudinal position from thénsdiield (Putman et al. 2011), a
finding that was heralded as the first compelling empirical evidemdbe existence of a
bicoordinate magnetic map in any animal (Gould 2011). This finding was obtaimegdsing
newly hatched loggerheads to magnetic fields that exist on the easternsterh wieles of the North
Atlantic at 20°N (near the southern edge of their migratory route). The Yoggerheads likely
utilize specific pairings of inclination and intensity; these pggidiffer north to south and east to
west over most of the Atlantic.

These results, combined with findings of hatchling turtles’ swimmisgaeses to various
other pairings of inclination and intensity, provide growing evidehaettrtles possess a large-scale
magnetic map of the North Atlantic. Because all turtles tdsaeldho migratory experience, the
findings imply that their navigation system is based on inherited iaftism Further evidence from
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ocean circulation and geomagnetic models suggests that the evoftttierturtle map is strongly
linked to the geographic stability of specific pairings of inclinatiod atensity (based on secular
variation) as well as the oceanic factors within those regiohselect for directed swimming by
turtles. Such environmental factors may be the same selective tgritgluence navigational
behavior in diverse taxa, and their identification provides &rgggplace for further research.

Interestingly, although a bicoordinate magnetic map based on pairingsnaitinend
inclination angle appears to function well in providing spatial inforonatid young loggerheads along
their North Atlantic migratory route, such a map may be ill-suitedtfogranavigational tasks.
Geomagnetic models extending over the past century suggest numerous tomplioradult sea
turtles attempting to use of pairings of inclination and intensity to |lasali@ted oceanic islands. If
one assumes that turtles resolve the magnetic parameters in such at filgrthaut “noise” due to
diurnal variation and crustal anomalies, in most parts of the world taeavered by pairings of
inclination and intensity would span a relatively large geographic &wech a system would be
sufficient for marking broad oceanic regions (e.g. for the juvenilesitggds’ magnetic map) but
would, necessarily, not allow localization of an individual island witlsoate additional information
(e.g. for island nesting green turtles). Moreover, the rate of se@ulation would typically result in
magnetic parameters drifting large distances during the periodt@maaturity when turtles of many
populations are absent from their nesting island. Such field drift would pakings of inclination
and intensity inadequate markers for small islands.

My detailed analyses on the navigational systems of sea turtleslsaygrovided a new
avenue of research with important implications for movement ecologwth@onented locomotion in
response to specific environmental variables is the essence of aaingation and, intuitively, a
crucial component of animal movement (Dingle 1996; Nathan 2008; Bowlin et al. 2010).
Surprisingly, navigation behavior is rarely represented in modelsmbhmovement. Instead,

models typically assume individuals move randomly (e.g. Sims 2008; Humphries eGalo20ad
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the case of weakly-swimming marine animals, drift passivelly a¢ean currents (e.g. Dawson et al.
2005; Bonhommeu 2009; Hays et al. 2010).

Whether such simplifying assumptions lead to inaccurate representatiamimal
distributions is difficult to determine because the navigational mesrnardare not known for most
animals (Holyoak et al. 2008). By modeling the magnetic navigation respohgoung
loggerheads, however, | show that, over time, even weakly directed looarizlikely to have a
profound effect on a population’s spatial distribution; thus, it is seffty important to be included
in models of animal movement. Moreover, models of homing using magnetiapoesr to be
highly informative in understanding the population structure of reprodugtorends in loggerhead
sea turtles. These and other results from my dissertation ihgilynbdels assuming random
locomotion of animals (e.g. Lévy flights and random walks) may skew our taidirsy of animal
movement and how it shapes fundamental ecological and evolutionary pronekstag individual
fitness, species interactions, dispersal, gene flow, and colomizlttduding explicit navigation
behavior into these models is likely to provide new insights into how sgrapaotral patterns in
migratory animals arise and are maintained.

Indeed, the methodologies of the research presented in this dissedatiom readily applied
to address similar questions for a number of other migratory animsélisling certain species of
invertebrates, fish, birds, and marine mammals. Conducting such studies se thxarwill be
useful as a comparative approach and help elucidate how animal moyantenavigation behavior
in particular) shapes biogeographic patterns, which in turn can be used te addsesvation and
management questions in migratory animals.

Understanding the factors that shape the biogeography of a species {migaiparns of
abundance) is a fundamental aspect of conservation biology and a criticalofgpigitizing
habitat preservation (Lomolino et al. 2005). Resources for habitat conseraggilimited, and
priority must be given to the areas of which preservation will be mady lik promote the
population growth of at risk species (TEWG 2000). Particularly importartha environmental
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factors that predict abundance at the reproductive grounds, whereghtapselection of appropriate
conditions has unquestionably vital importance for offspring fithess. Bdugées, a key feature of
nesting grounds which | have identified is the nearby oceanic conditions thatt@ithie hatchling
offshore migration. To prioritize protection of nesting habitat in a wayhiehave the greatest
chance of promoting population growth, beaches that possess offshoreoosrfdnorable for
hatchling migration should be identified. Such identification could béedaout in a manner similar
to the work from my dissertation, using long-term measurements ah @cerents and ocean
circulation models. With this information it should be possible to deter which beaches are most
likely to produce the largest contributions of turtles to the populatiornthaisdvhich should be
allocated the greatest resources for conservation.

There has been a resurgence in discussion within the scientifiowtty about “assisted
colonization” of plant and animal species threatened by anthropogenibdista, especially climate
change (Hoegh-Guldberg et al. 2008). This has generated considerablad¢batbether such
measures would lead to ecological instability, whether they would becfaily expedient, and
whether it is even ethical to consider them (Ricciardi & Simbe#0f@9). One of the greatest
concerns with “assisted colonization” is that too little is known about spesties to successfully
assist their movement into suitable habitat (Hoegh-Guldberg et al. 2008)e case of sea turtles,
there is a history of attempting to introduce turtles to nesting beatteze their protection can be
assured (Mrosovsky 1983; Carr 1986; TEWG 2000). This conservation measbezhasewed as
largely unsuccessful (NOAA Tech Meth. 1996; TEWG 2000; but see ShavebBel&/ 2007).
Regardless, as “assisted colonization” continues to gain support, tlessemngiwill be revisited by
sea turtle conservationists and researchers. If this conservat@sumés to be successfully applied
to sea turtles, it is critical that the suitability of offshore condgifor hatchling migration be
examined. Choosing beaches where the migration of young turtles is fativihtmaximize a

project’s possibility of success.
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A recent case in which consideration of the factors that imflisea turtle nest abundance
would have been useful is with the conservation measures taken by U.S. Fisdiife W protect
hatchling loggerhead sea turtles during the Deepwater Horizon Oib§p0lL0. After a drilling
accident released millions of liters of oil into the Gulf of Mexico,.WiSh & Wildlife officials
deemed that any hatchlings migrating offshore from Mississippi, Alabamd&;larida panhandle
beaches would be doomed. A decision was made to translocate all loggedhaatiesnests
deposited along these stretches of coastline to the east coast of, lbeda eggs were incubated
until they hatched. Afterwards, turtles were released on a neartly teeerawl into the Atlantic.

Immediately after this plan was put forth, questions were raised as tioavti@ds was the
most effective conservation measure (http://www.newscientistacbobe/dn19177-gulf-turtle-
evacuees-could-get-lost-at-sea.html). Because the distantattiaings must swim to reach the
Gulf Stream System appears to be a limiting factor in the number of Hatlteturn to nest (Putman
et al. 2010b), it was suggested that hatchling turtles should be transportely th the Gulf Stream.
This would substantially increase the number of turtles reachinguti&teeam System compared to
typical years, because Gulf of Mexico beaches are relativelyofartfie path of this current (Auer
1987; Sturges 1992). This increase might have had very positive effectsnomber of turtles
reaching maturity from these beaches allowing this hatchling cohort t@stilky contribute to this
relatively small population. Additionally, translocating hatchlingse®ulf Stream (instead of
translocating eggs to the east coast of Florida) would eliminatalityomduced by jostling eggs,
which can cause the embryo to detach from the egg wall. Likewise, placieg tirectly into the
Gulf Stream would minimize losses due to intense predation in coastas @ateelan & Wyneken
2007) and alleviate concerns that hatchlings from south-facing beache$ultiog¢ Mexico might
not swim eastward to the Gulf Stream when released on east-facing belacigethe Atlantic coast.

The project ran from July through August 2010 and was deemed a succe$4,aftér
hatchlings were released from 265 translocated nests (http://wwwnioaisgov/pr/health/oilspill/
turtles.htm). However, assuming that 100 eggs are laid per nest é@toals 1987) this means that
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only 53.6% of turtles survived the translocation process. Consideringp¢hestimate of survivorship
for eggs and hatchlings within the entire first year is 67.5% (CrdwdeX987), it seems clear that
this conservation method increased mortality compared to turtles létunbeéd. Perhaps most
unfortunate, however, is that the long-term merits of this conservatotiger will be impossible to
assess. Officials decided that hatchlings would not be marked for subisegmification, even
though such methods have been successfully employed on other loggerhead hatcliBgddivin
et al. 2003; Hughes 2010). When the next oil spill occurs, conservationistslink gfuessing as to
the most effective method to protect young turtles.

Regardless, the successful conservation of sea turtles requisegynptotection of habitat at
reproductive grounds but also across the seascape that they traversé&ofwidne nesting beach,
however, there is little information on the abundance of sea turtlesuatigisscorrelating
environmental factors with abundance in the open ocean, analogous to those exaesindemsity
(Putman et al. 2010b), are not possible. A promising approach to assess pittetlesabbundance
in the open ocean is to apply particle-tracking software to numerigahagrculation models. By
releasing virtual particles at the reproductive grounds of seastaritbtracking the particles’
advection by modeled ocean currents, predictions can be made regardisgsturdequent
distribution (Fig. 5.1). These estimates of abundance can be used to idesetifyatigtimportant
dispersal pathways or residence areas and could give an indicationilkdltheod of turtles
encountering anthropogenic disturbances such as fisheries. Sichilaigiees have been successfully
applied to numerous fish populations in order to predict commercial landiggkébodey et al.
2003).

A word of caution, however, is warranted in interpreting the predictions byasiech
simulations. Findings from numerical experiments (Chapter 3, sectiomyttiis dissertation)
indicate that even moderate amounts of weakly oriented swimming can haveungroffluence on
the distribution of young turtles. Specifically, simulations assuming adsit always
underestimated the number of turtles reaching locations thought to be high-oailaitat compared
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to simulations in which turtles engaged in “navigation behavior.” Such getcées suggest that
omitting oriented swimming behavior by sea turtles from particle-imgaixperiments introduces
systematic biases in predictions of their abundance. The extens bfdkishould be further studied
and, if possible, parameterized using a combination of behavioral, physiolagidalumerical
experiments on young sea turtles. If the navigation behavior of some populations ofgetunges

can be accounted for sufficiently, it should be possible to estimate théoenpoedicted distributions

generated under the assumption of passive drift.
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Figure 5.1Map of the North Atlantic showing a “snapshot” bétpredicted open ocean distribution of
loggerhead sea turtles emerging from the soutleast of Florida, U.S.A. Each dot representsdbation of
a simulated turtle in September 2009 based on Glé¥&OM surface currents and the assumption ofipass
drift in ICHTHYOP patrticle-tracking software. Diffent colors correspond to the summer that simulatelts
departed Florida (release events occurred fromDtiyough September 15 at 5 day intervals).

Along with understanding spatial patternss of abundance, identifyingdteed that
influence temporal variation in abundance is a crucial aspect efaéng appropriate conservation
and management plans (e.g. Morstad & Baker 2009). For sea turtles, tempat@nvaripopulation

abundance is frequently attributed to anthropogenic causes (e.g. Bradexic2006; Witherington
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et al. 2009). However, taking into account natural variability in hatchlingvaliis crucial when
attempting to assess the efficacy of conservation measures. Witlsogood programs may be
terminated or ineffective ones might be retained as a result of tdrfipotaations in the population
not attributable to anthropogenic activities. For instance, results frdidl@#éracking experiments
modeling the dispersal of hatchling sea turtles indicate that gaagatr variation in ocean circulation
can have a substantial impact on the probability of young turtles reagmirapaate nursery habitat
(Putman et al. 2010a). This variability likely results in déferal survival among hatchling cohorts,
which, in turn, presumably influences the numbers of turtles returning to nestaguhing maturity.
Further examination of variability in oceanic currents may prove usetuiderstanding the
population dynamics of sea turtles.

Additionally, there may be factors that do not affect turtle moyttidat can result in apparent
temporal fluctuations in sea turtle populations. Most population assetsoccur along a limited
stretch of nesting beach. Therefore, variability in factors that infliére probability of turtles
nesting within the monitored area contributes to the perceived flictsah population abundance.
For example, adult sea turtles use some external cue(s) to locatethélveach for reproduction.
Errors in homing likely arise due to the navigational cue(s) not preadeaiesponding to the nesting
beach. If the navigational cue(s) were identified, presumably the mdgrand direction of the
corresponding errors could be estimated and help account for tempaatibmarn nest abundance.
For example, the hypothetical homing strategy of magnetic imprintingcpsedat navigational
errors would result from the gradual shifting (secular variatiothegarth’s magnetic field (Putman
& Lohmann 2008; Lohmann et al. 2008a). Regression analyses from Chapter 4, section 3 of this
dissertation indicate that, at some beaches, the rate of seculaonacxounts for 20-30% of the
temporal variation in nest abundance; fewer nests were depositedswyes secular variation was
greater.

Mechanisms for regional homing, local site-selection, and the relagiggtrand interaction
between them have the potential to influence recruitment of nesting adalefeto specific beaches.
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These mechanisms are largely unknown and, unfortunately, the value Biragesm appears to be
an overlooked aspect of most recovery plans (NMFS & USFWS 1991; 1998; 2009; Z&W5
Knowing how sea turtles select nesting areas could be informative in prgdjiehe flow among
beaches and even estimating the likelihood of beaches being re-colbnizdds are locally
extirpated. Moreover, it could also provide an indication as to the ektdrdifferent nesting areas
contribute to the overall population. For example, a nesting beach might haverabfa conditions
for hatchling turtles, but maintain higher than expected levels ahgdstcause adult turtles
produced at other beaches subsidize its losses. Clearly, effort altzat®tecting such an area
would be better spent elsewhere.

Along with providing much needed insights into the conservation of migratocjespnd
new understanding to the function of animal movement in ecological and evatytimocesses, the
work from my dissertation highlights the value of integrative mesed@y combining techniques from
diverse scientific fields (e.g. ethology, physical oceanography, emidgy) | developed novel ways
to address long-standing questions in biology. It is my hope that thesckseill inspire others to
look for ways to approach their research from perspectives outsideradwmrediscipline and seek

out collaborations with scholars in disparate areas of study.
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