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Abstract The South Florida subpopulation of loggerhead
sea turtles (Caretta caretta L.) nests with great fidelity on
either the southeast or the southwest coast of Florida, USA.
The hatchlings that emerge from those nests must swim in
opposite directions and search for different surface currents
to migrate away from continental shelf waters. In this labo-
ratory study, we compared the pattern of swimming activity
shown by the hatchlings from each coast over the first
6 days of migration. Turtles from both coasts were equally
active during their “frenzy” period (the first 24 h of swim-
ming) and during the daylight hours of the 5 days that fol-
lowed (the “postfrenzy” period). However, the west coast
turtles were significantly more active than the east coast
turtles during the nocturnal portion of the postfrenzy
period. This difference may be related to the greater dis-
tance southwest coast turtles must negotiate to locate sur-
face currents for transport out of the Gulf of Mexico and
into the Atlantic Ocean basin. These differing behavioral
strategies may be genetically determined, as similar corre-
spondence between activity and distance is well known
among migratory populations of birds and fish and is often
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based upon inherited programs of endogenously driven
activity. Alternatively, behavioral differences between the
two nesting groups could be a manifestation of phenotypic
plasticity that arises as the hatchlings respond to unique
environmental cues on each coast.

Introduction

Marine turtles are migratory during all stages of develop-
ment (Hendrickson 1980; Carr 1987). Migration begins
after the hatchlings emerge from underground nests on oce-
anic beaches, crawl to the water and swim offshore during a
“frenzy” (hyperactive swimming period; Carr 1962) that
lasts about 24 h (Wyneken and Salmon 1992). Days to
weeks later, the turtles locate oceanic currents that transport
them to distant “nursery” areas (reviewed by Musick and
Limpus 1997; Bolten 2003a).

The geographic elements of marine turtle migratory
movements are best understood in loggerheads (Caretta
caretta L.) breeding in the northern hemisphere. Most nest-
ing occurs on beaches located on the west side of the Atlan-
tic and Pacific Ocean basins. During their migration,
hatchlings are persistent but weak swimmers that ultimately
depend upon gyre currents (Gulf Stream in the North Atlan-
tic; Kuroshio in the North Pacific) for transport to nursery
habitats located on the east side of the basin (Bowen et al.
1994, 1995; Bolten et al. 1998; Laurent et al. 1998; Bolten
2003b; Luschi et al. 2003). Later (10—12 years in the Atlan-
tic; Bjorndal et al. 2000, 2001), the now larger juveniles
cross the ocean in the opposite direction, often against pre-
vailing currents (Luschi et al. 2003), and occupy coastal
“developmental” (feeding) habitats, many of which are on
the west side of each basin. Once there, turtles may migrate
through coastal waters seasonally (Hopkins-Murphy et al.
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2003) or return for brief periods to deeper water (McClellan
and Read 2007).

Tagging and satellite tracking studies show that female
loggerheads migrate with fidelity between coastal feeding
areas and “natal” nesting beaches located in specific geo-
graphic regions (Limpus et al. 1992; Broderick et al. 2007).
Regionally, nesting females can also be distinguished
genetically as members of a “subpopulation” by their
unique mitochondrial (mDNA) genetic haplotypes (Bowen
et al. 1993) as all are descendents of a “founder” that origi-
nally nested in that region (Bowen et al. 1995; Encalada
et al. 1998). The juvenile turtles in the nursery areas, how-
ever, are the offspring of all of the subpopulations and so
are a mDNA “mixed stock” (Bolten et al. 1998; LaCasella
et al. 2005; Bowen et al. 2005). Their proportional repre-
sentation in the nursery is correlated with each subpopula-
tion’s contribution in hatchling production (Bolten et al.
1998).

The convergence of genetically distinct individuals from
varying geographic origins onto common foraging areas
raises questions about mechanisms of natal dispersal. How
do the juveniles from each subpopulation, whose nests are
sometimes located on different beaches, reach the same
nursery areas? Do the hatchlings migrating from each site
differ behaviorally and if so, how do those differences
develop in individuals and evolve among the subpopula-
tions? To our knowledge, no published studies, using
marine turtles as subjects, have addressed these issues.

Even before they enter the sea, North Atlantic logger-
head hatchlings possess a magnetic sense that guides their
transport eastward across the ocean (Lohmann and Loh-
mann 2003). But hatchlings exiting different beaches may
have to swim for different distances, and often in different
directions either to locate gyre currents or to find other cur-
rent systems that provide entry into the gyre. These consid-
erations led us to hypothesize that hatchlings entering the
sea from different rookery sites might initially differ in
migratory behavior (orientation, activity, or both), but later
converge in response to common geomagnetic (and possi-
bly additional) cues once they become entrained within the
gyre. Analogous differences in behavior are well known
among the juveniles and adults of geographically distinct
populations of migratory birds, fishes and insects (Dingle
1996; Dingle and Drake 2007).

Here, we compare the migratory activity shown by log-
gerhead hatchlings from the South Florida subpopulation.
Nesting females, with rare exceptions, deposit clutches on
either the southeast (hereafter, east turtles) or southwest
(west turtles) coast of the peninsula (Bjorndal et al. 1983;
Lebuff 1990). East turtles swim toward the Gulf Stream
(Witherington 2002) which is located relatively close to the
coastline. West turtles, however, swim in the opposite
direction (Wyneken and Salmon, unpublished data) toward
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Fig. 1 Diagram of surface currents adjacent to peninsular Florida
(adapted from http://www.noaa.gov, 2006). Hatchlings that emerge
from each nesting beach (position near the white dots) swim toward the
Loop Current on the west coast of Florida and toward the Gulf Stream
on the East coast of Florida. The Loop Current flows into the Gulf
Stream via the Florida Current. Dashed dotted line is the 200 m iso-
cline

the more distant Loop Current (Fig. 1; Molinari 1980; Stur-
ges and Evans 1983). We therefore hypothesized that the
west turtles might show greater activity during the early
stages of migration than the east turtles. Our results provide
support for that hypothesis.

Materials and methods
Animals

Loggerhead hatchlings were obtained between July and
early October. East turtles were studied during the summers
of 1986, 1992 and 2006. They came from nests located
between Broward and Brevard Counties (25°58'49"N-
28°46'56"N). West turtles were studied in 1991 and 1992
and came from nests located between Longboat Key and
Casey Key (27°23'44"N-27°7'25"N). Nests on each coast
were monitored for several days prior to an anticipated
hatchling emergence (~50-55 days after the deposition
date). When a depression formed above the egg chamber
indicating an emergence would occur that evening, we dug
into sand above the nest and carefully removed up to four
hatchlings nearest the sand surface, without disturbing the
remaining turtles (which emerged on their own later that
night).

Siblings were transported to the laboratory inside light-
proof Styrofoam® boxes that contained a shallow layer of
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Fig. 2 Hatchling loggerhead swimming in its pool. The turtle wears a
nylon-lycra harness that serves for attachment of one end of a short
monofilament tether. The other end is tied to a lever arm used to mon-
itor swimming activity

moist sand to prevent dehydration. Coolers were stored in a
dark room at ambient temperatures (28-30°C) until just
before midnight, when hatchlings were individually placed
in harnesses and tethered so they could swim inside water-
filled pools.

Activity

Swimming activity was measured using previously
described methods (Wyneken and Salmon 1992) that are
briefly summarized here. Each turtle swam inside a circu-
lar, plastic pool (1.6 m diameter x 25 cm deep, filled to a
depth of 15 cm with local seawater) where it was tethered
with a short length of monofilament line to a horizontally
rotating lever arm (Fig. 2). Tethered hatchlings could swim
in any direction, make shallow dives, and surface to breathe
but could not contact either the side or bottom of the pool.
When hatchlings swam, they pulled the arm down to com-
plete an electrical (DC) circuit used to measure their time
active; when they rested at the water surface, a counter-
weight raised the arm and broke the circuit. Activity data
were stored on a computer or a chart recorder (Esterline-
Angus, Model A620X; Indianapolis, Indiana) for 6 days
(144 h).

Activity of the east turtles was quantified at the Harbor
Branch Oceanographic Institution (Fort Pierce, FL, USA)
and at the Florida Atlantic University marine laboratory
(Boca Raton, FL., USA). West turtles were tested at the
Mote Marine Laboratory (Sarasota, FL, USA). At both
sites, air temperature was maintained between 28 and 30°C
and photoperiod matched seasonal changes. Lighting was
provided by a mixture of sunlight, supplemented when nec-
essary by full spectrum fluorescent lamps, turned on and off
with timers. Gradual changes in illumination during dawn—
dusk transitions were provided by switching some of the

lights on 30 min before local sunrise and switching some of
them off 30 min after sunset. Maximum light intensities at
the different sites varied by no more than +15%.

Hatchlings from different nests were tested as they
became available. On days 4-6 of observations turtles were
fed bits of raw shrimp at different times of the day. Within a
few days after making these measurements the turtles were
transported by boat 1015 km offshore and released accord-
ing to Florida Fish and Wildlife Conservation Commission
guidelines (2002).

Data analysis and statistics

We quantified the total time each turtle was active and con-
verted those times into proportions of the available light
and dark period. This procedure made it possible to stan-
dardize for seasonal differences in day length.

Proportions were arcsine transformed to promote nor-
mality and the variance assessed for uniformity. Two-way,
repeated-measures ANOVAs (Zar 1999) were used to ana-
lyze the proportion of time spent active during each (24 h)
day, during the diurnal period, and during the nocturnal
period. When differences were found, post hoc Tukey tests
were used to identify the source(s) (Zar 1999). The null
hypothesis of no difference between the nesting groups was
rejected when P < 0.01.

Results

Data were obtained for 37 east coast turtles from 10 nests
and for 30 west coast turtles from 8 nests.

Daily (24 h) activity levels shown by the groups differed
significantly (coast, Table 1) as the west coast turtles were
generally more active (Fig. 3). Differences were also appar-
ent across the 6 days (period, Table 1) as in both groups,
activity during the first 24 h of swimming (the frenzy
period) exceeded activity shown over the following 5 days
(the postfrenzy period; Fig. 3). Differences as a function of
interactions between coast and period, however, did not
differ statistically between the two groups (Table 1).

Table 1 ANOVA analysis of daily (24 h) activity shown by the hatch-
lings from each coast

Source of variation df SS MS F <P
Coast 1 0.908 0.908 9.58 0.003
Period 5 8.964 1.793 52.37 0.001
Coast x period 5 0.205 0.041 1.20 0.311
Turtle (coast) 75 10.447 0.139

Residual 226 7.737 0.034

Total 312 30.524 0.098

The bold values are the significance levels
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Fig. 3 Proportion of time turtles actively swam over each 24 h period
for 6 days. Above, west coast turtles (n = 30); below, east coast turtles
(n =37). Stars indicate that activity on that day exceeds (by P < 0.01)
activity during days (those below the horizontal bar) that follow.
Brackets are the SE of the mean

Table 2 ANOVA analysis of diurnal activity by the hatchlings from
each coast, using arcsine transformed proportions (Fig. 3, open bars)

Source of variation daf SS MS F <P
Coast 1 0.054 0.054 0.360 0.550
Day 5 2.848 0.570 14.614  0.001
Coast x day 0.086  0.017 0.442  0.819
Turtle (coast) 75 15.604 0.208

Residual 260 10.133 0.039

Total 346 29.109  0.084

The bold values are the significance levels

During the diurnal period, there were no statistical differ-
ences in activity between the turtles from the two coasts
(Table 2). However, both groups were significantly more
active during day 1 than during most of the days that fol-
lowed (Day, Table 2; Fig. 4).

Turtles from the two coasts differed significantly in noc-
turnal activity by coast, by night, and as a function of the
interaction between coast and night (Table 3). Activity was
highest in both groups during night 1 and lower during sub-
sequent evenings (Fig. 4). Nocturnal activity in the east tur-
tles declined over successive evenings but in the west
turtles there was no further decline after night 2 (Fig. 4).
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Fig. 4 Arcsine transformed proportions of diurnal (open bars, left)
and nocturnal (solid bars, right) activity shown by the hatchlings from
each coastal nesting group. Format and symbols, as in Fig. 3

Table 3 ANOVA analysis of nocturnal activity shown by hatchlings
from each coast, using arcsine transformed proportions (Fig. 3, filled
bars)

Source of variation  df SS MS F <P
Coast 1 7.111 7.111 23.229  0.001
Night 5 33.798 6.760  66.169  0.001
Coast x night 5 2.377 0.475 4.654  0.001
Turtle (coast) 76 30.134 0.396

Residual 265 27.071 0.102

Total 352 109.120  0.310

The bold values are the significance levels

Discussion

Hatchlings swimming offshore from Florida’s east and west
coast are members of the same (Southern Florida) subpopu-
lation, and presently cannot be distinguished genetically
(Bowen et al. 1993). They show identically high levels of
swimming activity during their frenzy period but as this
study shows the west turtles are more active than the east
turtles during the postfrenzy period. This difference
between the groups occurs because the west turtles swim
more actively at night.

One possibility is that each nesting group responded to
some difference associated with the laboratories we used to
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house our pools. We minimized this possibility by control-
ling for the most obvious variables (light levels and spectral
composition; air and water temperatures; pool size, shape
and color) that might have induced the two nesting groups
to behave differently. Some differences obviously remained
(e.g., room color and/or shape) but if detected visually
should have induced differences in behavior between the
nesting groups when the laboratory was illuminated. No
such effects were evident during the day (Table 2).

Another possible explanation for these differences is that
they occurred by chance during those times when the two
nesting groups were studied during different years. The
nature of both the similarities and the differences between
the two groups makes this explanation unlikely. Even
though the two groups were sometimes studied during
different years, they failed to differ in either frenzy period
activity or postfrenzy activity during the day. The highly
specific differences shown by the two groups during the
dark period are difficult to attribute to some factor that var-
ied annually, and affected overall migratory vigor. A more
plausible hypothesis is that the difference we observed is
shaped by natural selection because of its important sur-
vival benefits.

Other variables, left free to vary, may have affected the
turtles” behavior. These include the possibility of genetic
differences (currently unknown), habitat differences during
development (such as nest sand composition, which can
affect growth, size and yolk reserves at hatching, and hatch-
ling behavior; Carthy et al. 2003), and differences between
the seawater (Atlantic Ocean vs. Gulf of Mexico) used to
fill the pools (which might trigger different migratory
responses). Our data do not permit us to distinguish
between the causal factor(s).

Ecological correlates

Nesting beaches are often located in proximity to offshore
currents that transport neonates to nursery areas (Collard
and Ogren 1990), although distances between the coast and
those currents can vary. For hatchlings emerging from
southeast Florida nesting beaches, those distances are rela-
tively short (5-30 km, depending upon nesting beach lati-
tude; NOAA National Data Buoy Center 2006). Even so, it
may take weeks or even months for the turtles to become
entrained within the gyre (Witherington 2002; Bolten
2003a).

On the west coast of Florida, loggerhead hatchlings must
swim toward the Loop Current which could most directly
transport them south to the Florida Straits, where they gain
entry into the Atlantic Ocean (Fig. 1). To complete this
phase of migration, the west turtles must negotiate a dis-
tance exceeding 200 km. The Loop Current also varies

more capriciously than the Gulf Stream in its geographic
position relative to the coast, and in its northward intrusion
into the Gulf of Mexico (Molinari 1980; Sturges and Evans
1983; He and Weisburg 2003). Once entrained within the
Loop Current, the hatchlings also face the possibility of
transport west by warm-core rings or eddies that separate
from the main current, then travel across the Gulf of Mex-
ico (Collard and Ogren 1990; Gyory et al. 2005). A few tur-
tles that strand on the west side of the Gulf of Mexico may
have suffered that fate (Plotkin 1996).

Few neonates strand on eastern Gulf beaches, leading to
the hypothesis that normally the turtles are transported
around the Florida peninsula to the Atlantic Ocean. How-
ever, the evidence is weak and based, in part, upon doubts
that hatchling loggerheads can survive winter temperatures
in the Gulf of Mexico. The number of west hatchlings that
recruit to the eastern Atlantic nursery population is
unknown, first because they cannot be distinguished geneti-
cally from the more numerous east coast turtles and second,
because proportionally so few hatchlings are produced on
Florida’s west coast (Bolten 2003a).

On the other hand, differences in postfrenzy swimming
activity between the east and west coast turtles suggest,
albeit indirectly, that each nesting group can show behav-
ioral differences that might promote survival under condi-
tions that can vary during offshore migration. Distance may
not be the only factor responsible for those behavioral
differences. Coastal waters in the eastern Gulf of Mexico
are more productive (as measured by chlorophyll a levels)
and the continental shelf extends farther offshore than on
the opposite Florida coastline (Fig. 5). For both reasons, the
Gulf of Mexico is likely to support greater densities of pre-
daceous seabirds and fishes (Rhyther 1969; Waide et al.
1999). Many of the seabirds and fishes (tarpon, barracuda,
sharks, dolphin and snappers) are documented hatchling
predators (Caldwell 1959; Hughes 1974; Witham 1974;
Stancyk 1982; Stewart and Wyneken 2004). West coast
hatchlings may increase their nocturnal postfrenzy swim-
ming activity to avoid detection and to minimize their
exposure time to these predators, many of which are diur-
nally active.

Among other migratory species, selection promotes
comparable differences in behavior (as well as morphology
and physiology) among populations migrating different dis-
tances (Akesson and Hedenstrdm 2007; Pulido 2007). For
example, Blackcap warbler (Sylvia atricapilla) populations
show fidelity to different overwintering and breeding sites
(Berthold and Querner 1982; Berthold 1988; review: Bert-
hold 1993). Each population has an endogenous program of
migration that differs in its duration and onset time. Birds
migrating over greater distances show longer periods of
migratory activity (Berthold and Querner 1982; Gwinner
and Helm 2003) and hybridization experiments demon-
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Fig. 5 Coastal chlorophyll a concentrations adjacent to peninsular
Florida (December 1999-December 2006). Concentrations in Florida
are higher and more extensive in offshore waters adjacent to the south-
west than on the southeast coast. Image and data are from the GES-
DISC Interactive Online Visualization and Analysis Infrastructure
(Giovanni), NASA Goddard Earth Sciences (GES), Data and Informa-
tion Services Center (DISC); NASA, 2006

strate that differences among populations are inherited
(Berthold and Helbig 1992). Selection experiments indicate
that population responses can evolve rapidly (Pulido et al.
1996).

Morphological and behavioral differences also occur
among Pacific salmon populations that differ in the dis-
tances they migrate up rivers to spawn. Sockeye salmon
(Oncorhynchus nerka) that migrate farther store more
energy reserves prior to migration, possess larger, more
streamlined and hydrodynamically efficient body shapes,
and use their energy reserves more efficiently for locomo-
tion than populations that spawn at sites nearer to the ocean
(Crossin et al. 2004). Behavioral differences also character-
ize populations of other salmonids (Coho, O. kisutch; Chi-
nook, O. tshawytscha) where travel costs vary (Taylor and
McPhail 1985; Brett 1995; Jonsson and Jonsson 2003). The
young migrating from streams located different distances
from the sea also show population-specific variation in
migratory schedules and in orientation behavior (Hinch
et al. 2003).

Morphological and behavioral variation in hatchlings

Recent studies document that hatchling phenotypes, even
among nests that develop on the same beach, are variable.
Differences can arise as a consequence of nest temperature,
the moisture content of the sand surrounding the eggs, and
their interactions (review: Ackerman 1997) and result in
differences in body size, differences in swim speed and in

@ Springer

rates of juvenile growth (review: Carthy 2003). Such differ-
ences can in theory (Burgess etal. 2006) or in practice
(Gyuris 2000) affect survival and thus can serve as the raw
material for selection.

When comparisons are made between hatchlings from
different subpopulations phenotypic differences are more
pronounced. For example, loggerheads (Stokes et al. 2006)
and green turtles (Glen et al. 2003) from different Atlantic
subpopulations differ in size and mass. Green turtles from
the Atlantic and Pacific ocean basins show even more strik-
ing differences manifested by variation in allometry (body
size relative to flipper size), shell color, and shell shape
(Pritchard 1997; Wyneken et al. 1999). These more pro-
found changes reflect the effects of longer periods of isola-
tion and genetic divergence on developmental programs.

We document in this study that there can be significant
behavioral differences even within what is currently consid-
ered a single subpopulation of loggerhead sea turtles, and
that those behavioral contrasts resemble those found among
other migratory animals facing similar ecological pressures
(most generally, differences in migration “costs”). The next
step is to determine how those differences develop. One
possibility is that they are the consequence of a flexible
genetic system that responds differently when organisms
are exposed to each coastal environment (e.g., the turtles
show phenotypic plasticity; Agrawal 2001). Alternatively,
the two nesting groups may have developed genetic differ-
ences that best promote their survival during migration
away from each coastline. We plan further experiments
designed to distinguish between these alternatives.
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