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Hatchling sea turtles use surface waves to establish a magnetic compass
direction
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Abstract. Hatchling sea turtles emerge from underground nests, crawl to the ocean, and swim away
from the land. In shallow water near shore, hatchlings maintain offshore headings by swimming into
oceanic waves; in deeper water, however, turtles appear to rely on different mechanisms to maintain
their courses. To determine whether loggerhead hatchlings, Caretta caretta L., are able to transfer a
course initiated on the basis of waves to a course maintained by a magnetic compass, we studied the
orientation behaviour of turtles that had been exposed to waves for either 15 or 30 min before being
tested in still water. Hatchlings that swam into waves for 15 min failed to continue swimming on similar
courses when the waves were discontinued, but turtles that swam into waves for 30 min maintained
similar mean headings after the waves stopped. Inverting the vertical component of the magnetic field
during the test period reversed the direction of orientation of this latter group of turtles. Thus,
hatchlings can transfer a heading induced by waves to a magnetic compass, and thereby continue to
migrate away from land after contact with the coast is lost. Migratory orientation in turtles resembles
that of birds in that both rely on multiple cues and an ability to transfer information between various
cues and compasses at appropriate times during the journey.
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Migratory animals are characterized by an ability
to exploit different, and often spatially separated,
habitats at different times in their lives (Dingle
& Gauthreaux 1991). Although such a lifestyle
provides advantages (such as an ability to locate
spatially ephemeral or patchy resources), it also
requires that organisms evolve specialized behav-
ioural capabilities to detect environmental cues
that signal when to leave, how far to travel, and
when a suitable location has been reached (Dingle
1996). In animals capable of powerful and rapid
movement, such processes may be enhanced by
the evolution of orientation systems that include
the ability to detect directional cues, maintain
consistent headings, and in some cases determine
appropriate courses towards specific destinations
even in the absence of direct sensory contact with
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the goal (navigation). These capacities are particu-
larly well studied in birds, which have served as
the primary experimental subjects for many years
(reviews by Able 1993; Berthold 1993; Wiltschko
& Wiltschko 1993, 1995, 1996). Here we report a
study of the development of magnetic orientation
in sea turtles, whose migratory abilities are
as complex as those of birds but are less well
understood.
Orientation systems in all animals depend upon

the use of multiple cues (Able 1991a) that enable
migrants to maintain appropriate headings under
a wide range of weather conditions and at differ-
ent times and places in their journeys (Keeton
1974; Beason 1992; Wiltschko & Wiltschko 1992).
Ontogenetic studies reveal that in some species of
birds, the young hatch with a functional magnetic
compass and, within a period of days or weeks,
acquire the ability to use other compasses (a star
compass for night migrants and a sun compass for
day migrants; Able 1991a, b). The acquisition of
celestial compasses involves learning and can be
accomplished only if birds view the sky, so that
98 The Association for the Study of Animal Behaviour
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the apparent movement of the sun or stars across
the celestial sphere can be experienced (Emlen
1970; Wiltschko & Wiltschko 1981; Wiltschko
et al. 1989; Able & Able 1990). Once migration
begins, the various compasses interact in complex
ways with additional cues (Able 1993; Wiltschko
& Wiltschko 1994) and endogenous time pro-
grammes (Berthold 1988) to guide the birds to
their destinations. Whether such features are also
typical for non-avian long-distance migrants is
not known.
Sea turtles are migratory specialists with a

lifestyle decidedly different from that of birds.
Thus, comparisons between the two groups
may provide insight into general principles that
underlie animal orientation and long-distance
migration. Like migratory birds, sea turtles
undergo periodic journeys that often span
thousands of kilometres. They undertake these
migrations both as hatchlings, when they swim
from their natal beaches to the open ocean, and
as adults, when they migrate between feeding
grounds and nesting sites (Carr 1965). Unlike
birds, however, turtles migrate in an underwater
environment in which visual perception is limited,
and where celestial cues often cannot be perceived
at all (Luschi et al. 1996). Moreover, whereas
most young birds develop in open nests and have
ample opportunity as they mature to view the sky,
sun and stars, turtles hatch in an underground
nest chamber and remain in complete darkness
until the moment they emerge on the beach to
begin their migration. Thus, orientation mecha-
nisms in hatchling turtles must somehow guide the
hatchlings through an unfamiliar environment
even as they experience it for the first time.
Considerable progress has been made in char-

acterizing the cues that guide hatchling sea turtles
as they migrate from the natal beach into the
open sea (Lohmann et al. 1996). After emerging
from their nests, hatchlings rely on visual cues to
locate the ocean. In shallow water near shore,
the turtles maintain headings by swimming into
waves (Salmon & Lohmann 1989; Lohmann &
Lohmann 1992), which are refracted as they
approach the shore and thus provide a reliable
indicator of the offshore direction (Denny 1988).
In deeper water, where waves are no longer
refracted, hatchlings continue on similar courses
that appear to be independent of wave direction
(B. Witherington, unpublished data). Laboratory
experiments suggest that during this later stage
of the migration, offshore headings are main-
tained by a magnetic compass (Lohmann 1991;
Lohmann & Lohmann 1993). In this paper we
present evidence that hatchlings can transfer a
course initiated by swimming into waves to their
magnetic compass. This capability probably
allows hatchlings to continue on offshore
headings well after contact with land is lost.
METHODS
Animals

Hatchlings were obtained between July and
September 1994 from nests deposited on beaches
in the vicinity of Boca Raton, Florida, U.S.A.
(26)20*N, 80)05*W). We recorded the location and
date of deposition for each nest, so that nests
could be examined towards the end of incubation
(about 45–50 days). When a small depression in
the sand appeared over the nest cavity, indicating
that emergence was imminent, we dug into the
nest and removed five to 10 hatchlings. We placed
the turtles into a lightproof styrofoam cooler and
transported them to the laboratory, where they
remained in a dark room until they were tested
later that evening. Experiments began at dusk
(2000 hours) and concluded about 4 h later,
whereupon the turtles were taken to a dark beach
and released.
Apparatus

We tested the turtles in a fibreglass wave tank
(inside dimensions: 5.49#0.61#0.61 m deep;
Fig. 1) located in a windowless, lightproof room.
The tank was filled to a depth of 38 cm with
fresh water, since orientation by the turtles is
unaffected by salinity (Wyneken et al. 1990). The
tank was aligned on the southeast–northwest
magnetic axis. Waves were generated by the
rhythmic movement of an aluminium paddle at
the southeastern end of the tank. The paddle was
driven by a DC motor (Dayton 3/4 hp, model
2M169C). A sloping plywood platform (2.44 m
long) at the opposite end of the tank dissipated
wave energy and minimized wave reflection. Thus,
waves moved through the tank from the southeast
to the northwest. Waves used in the experiments
had a mean height (peak to trough) of 7.75 cm
(range=7.0–8.5) and an average wavelength of
51 cm. Wave frequency was 87–88 waves/min.
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Figure 1. (a) Side view of the wave tank. Waves were produced by the paddle, propagated past the hatchling from
the southeast (140)), and absorbed by the platform. The hatchling was located at the tank’s mid-length. (b) Wave
tank in cross-section. As the turtle changed direction, it rotated the lever arm in the horizontal plane. Its orientation
(to the nearest 45)) was stored on a computer. A dim overhead light, visible as a circular glow through the post base,
illuminated some of the turtles (see Methods). Helmholtz coils that controlled magnetic field strength and inclination
angle were centred around the region where the turtle swam.
To measure orientation, we placed each hatch-
ling into a nylon-lycra harness that encircled that
turtle but did not impede swimming movements
(Salmon & Wyneken 1987). The harness was tied
to a plastic lever arm via a short (9.5 cm) mono-
filament tether (Fig. 1). The tether prevented the
hatchling from contacting either the sides or
bottom of the wave tank, and also limited the
turtle’s movements to an area where the magnetic
field was relatively uniform (see below). A small
styrofoam float was tied to the tether between the
lever arm and harness (Fig. 1) to ensure that
the hatchling remained near the surface where the
orbital movement of the waves was strongest.
The lever arm was free to rotate in any direction

within the horizontal plane (Fig. 1) and could
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easily be pulled by a swimming hatchling. The
lever arm was attached to a shaft that freely
rotated inside a cylindrical post that was posi-
tioned above the water. Photocells inside the post
translated arm position into electrical signals that
indicated which of eight 45) sectors (e.g. N, NE,
E, SE) the turtle was swimming in. A computer
in an adjacent room recorded and stored this
position every 10 s. These readings were then
averaged to determine a mean angle of orientation
(Batschelet 1981) for each turtle during the
experiments.
Controlling the Magnetic Field

The centre of the wave tank was enclosed by
two sets of square Helmholtz coils (Fig. 1) of
identical size (1.5 m per side). Each coil pair was
connected to a separate DC power supply so that
the vertical and horizontal components of the
ambient field could be controlled independently.
We restricted swimming turtles by the tether to a
narrow portion of the tank that was centred
between each pair of coils, where the imposed
fields were most uniform.
One Helmholtz coil was used to produce a weak

field that slightly enhanced the horizontal compo-
nent of the magnetic field in the room, so that the
total field intensity and inclination angle that
turtles experienced in the tank matched the
parameters measured on the beach where the
turtles were collected (inclination angle of 57.5);
total intensity of 4.7#104 nT). Enhancement of
the horizontal field component was necessary
because steel supports in the walls and ceiling of
the building slightly diminished the field inside
the room. When the horizontal component was
supplemented as described, the field throughout
the region in which the turtles swam was relatively
uniform, with the total intensity ranging from
4.69#104 to 4.71#104 nT. All field measure-
ments were made with a Schoenstedt single-axis
fluxgate magnetometer (model DM 2220).
The second Helmholtz coil was used to generate

a field twice as strong as the vertical component of
the ambient field and in the opposite direction (i.e.
directly upward). The coil was powered by a
current-regulated power supply (Fisher Biotech,
3115FS) so that the field intensity remained con-
stant throughout each experiment. Thus, turtles
could be tested in a field matching that at the natal
beach (when the vertical coil was turned off) or
in a field of the same intensity with the vertical
field component inverted. Because the magnetic
compass of loggerhead turtles is an inclination
compass, reversing the vertical component of the
field has the same behavioural effect on the turtles
as reversing the horizontal component (Light
et al. 1993).
Experiments

We tested all turtles using variations of the
general protocol described here. Prior to each
trial, we harnessed a hatchling in the wave tank
under the dim illumination of a small pen flash-
light (all room lights were off). The flashlight was
then extinguished (within 10 s) and the tethered
turtle was released into the wave tank. The wave
tank was immediately turned on so that waves
approached the turtle from magnetic SE (140)),
and the turtle was allowed to swim into the waves
for a period of either 15 or 30 min (see below). All
turtles on average held courses into the waves.
The mean angle of every turtle was directed
towards the approaching waves but the consist-
ency of their headings varied between individuals.
Some hatchlings swam into the waves constantly
while others occasionally circled one or more
times before again adopting courses into the
waves. Since the experiments depended upon
turtles holding consistent headings, we used only
hatchlings that spent at least 90% of their time in
the SE, E and S sectors (those including and
bordering the direction of wave approach).
At the conclusion of the wave period, the wave

tank motor was turned off. The surface of the
water became still within 2–3 min, during which
time the hatchling invariably swam in one or more
complete circles. The orientation of each hatchling
was then monitored for an additional 15 min as it
swam in still water and complete darkness.
In an initial experiment we exposed the turtles

to waves for either 15 min (N=14 hatchlings) or
30 min (N=9). In these trials, the turtles swam in
complete darkness both when waves were present
and during the subsequent period in still water.
The magnetic field in which the turtles swam
remained constant throughout the entire exper-
iment and matched the field found at the turtles’
home beach.
We tested three groups of turtles (N=14 per

group) in a second experiment. Because prelimi-
nary tests suggested that turtles swimming under
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dim light adopt courses into waves more readily
than do turtles swimming in total darkness, each
turtle began its trial swimming in the wave tank
under dim (2.34#1010 photons/s/cm2), filtered
overhead green light (490–570 nm; maximum
transmission=45% at 520 nm). Transmitted
wavelengths matched those detected with greatest
sensitivity by dark-adapted juvenile green turtles
(Granda & O’Shea 1972). Light intensity was
comparable to levels measured under starlight
on dark evenings. The light was subsequently
extinguished at the same time the wave motor was
turned off, and the orientation of each turtle was
monitored while it swam in complete darkness as
before.
Each turtle began its trial by swimming in the

magnetic field of the home beach. We kept turtles
in one group in this field after the waves and light
were turned off. We treated a second group iden-
tically, except that the vertical component of the
magnetic field was inverted when the wave tank
motor was turned off. We exposed turtles in the
third group to the dim light and noise from the
wave motor, but not to the waves (the wave
paddle was disconnected from the motor). Turtles
in this last group were subjected to the natal beach
magnetic field throughout the trial.

Statistics

The mean angles for individual hatchlings were
used to calculate mean angles for each group
using standard procedures in circular statistics
(Batschelet 1981). Rayleigh tests were used to
determine whether each group was significantly
oriented (Zar 1984). Watson–Williams two-
sample tests were used to compare orientation
among groups.
15 min
N = 14

NS N = 14
a = 317°
r = 0.63
P < 0.05

N = 14
a = 195°
r = 0.67

P < 0.001

30 min
N = 9

a = 342°
r = 0.63
P < 0.05

(a)

(b) (d)

(c)
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Figure 2. Group mean angle (arrow direction within
circles), dispersion (arrow length within circles) and
orientation of individual hatchlings (dots), relative to the
direction of wave approach (top of each circle, 0)).
Dashed lines are 95% confidence intervals for the mean
angle. Arrows outside circles indicate the sample mean
angle when the waves were present. (a, b) Hatchling
orientation in still water after an initial exposure under
total darkness to waves for either (a) 15 min or (b)
30 min. (c, d) Hatchling orientation after a 30-min initial
exposure to waves under dim light. Turtles swam either
in (c) the earth’s field or in (d) a field in which the
vertical component was inverted. (e) Mean angles for
control turtles during their 30-min exposure to dim light
and wave motor noise (,), and during the test period
that immediately followed (dim light and motor off, -).
RESULTS

In the first experiment, turtles exposed to waves in
complete darkness for 15 min were not signifi-
cantly oriented when subsequently tested in still
water in the earth’s magnetic field (Rayleigh,
z=0.346, P>0.5, Fig. 2a). In contrast, turtles
tested in still water after swimming into waves for
30 min were significantly oriented (z=3.545,
P<0.05, Fig. 2b). The mean angle of this group
(342)) was similar to the angle of wave approach
(0)).
In the second experiment (in which turtles were
exposed to dim light and waves for 30 min, then
tested in darkness in the local magnetic field),
hatchlings were also significantly oriented
(z=3.454, P<0.05, Fig. 2c); the mean angle of
317) was similar to the 348) mean angle shown by
the same turtles during the period when waves
were present. Turtles tested in a field with a
reversed vertical component were also signifi-
cantly oriented (z=6.350, P<0.001, Fig. 2d), but
in approximately the opposite direction. This
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group’s orientation differed significantly from the
turtles tested in the earth’s field (Fig. 2c) under
otherwise identical conditions (Watson–Williams,
U2=0.486, P<0.001). The turtles that experienced
wave motor noise and vibrations, but no wave
motion (Fig. 2e), were not significantly oriented
either before (z=0.983, P>0.5) or after (z=0.809,
P>0.5) the dim light was turned off. Circle–circle
correlation analysis (Batschelet 1981) revealed no
apparent relationship between the direction of
each turtle’s orientation before and after the light
was turned off (r2=0.16, P>0.10).
In experiments in which waves were present,

turtles that failed to adopt a consistent course into
waves were replaced with individuals that did (see
Experiments). Thus, turtles that swam into waves
in darkness and those that swam towards waves
under dim light had nearly identical headings.
Only nine of 43 turtles (21%) met criteria when
exposed to waves in complete darkness. How-
ever, 14 of 27 (52%) did so while simultaneously
exposed to waves and to dim light (÷21=6.942;
P<0.01).
DISCUSSION

Hatchling loggerheads that swam into waves for
30 min continued to maintain similar headings
when subsequently tested in still water in the
earth’s magnetic field (Fig. 2b, c). Turtles tested in
a magnetic field in which the vertical component
was inverted oriented in approximately the oppo-
site direction (Fig. 2d). These results demonstrate
that the non-random orientation of the turtles
in still water was mediated by magnetic field
detection. Since inverting the vertical field compo-
nent reversed the orientation of the turtles, the
results are also consistent with evidence indicating
that the loggerhead magnetic compass is an incli-
nation compass (Light et al. 1993) functionally
similar to that of birds (reviewed by Wiltschko &
Wiltschko 1996).
Although turtles that swam into waves for

30 min oriented towards the same general direc-
tion from which the waves had previously
approached, hatchlings that swam into waves for
only 15 min before testing were not significantly
oriented when tested in the earth’s field (Fig. 2a).
Thus, the results suggest that turtles can acquire a
magnetic directional preference after swimming
into waves for 30 min, but the experience of
swimming into waves for 15 min is not sufficient.
Because turtles that swam for 30 min without
exposure to waves were also not oriented when
tested in darkness in the earth’s field, the experi-
ence of swimming in a consistent direction, rather
than simply the experience of swimming, seems to
be necessary for setting the magnetic preference.
Role of Light in Orientation

Turtles that swam into waves both in the pres-
ence of a dim light and in darkness oriented
towards similar directions when they were sub-
sequently tested in darkness without waves. In
contrast, birds (Beason & Semm 1991; Wiltschko
& Wiltschko 1995) and newts, Notophthalmus
viridescens (Phillips & Borland 1992a) appear
unable to orient magnetically in darkness. In
addition, birds fail to orient magnetically when
exposed to certain wavelengths of light (Wiltschko
et al. 1993), and other wavelengths induce newts
(Phillips & Borland 1992b) and fruit flies (Phillips
& Sayeed 1993) to alter the magnetic direction
towards which they orient. Such light-dependent
effects are consistent with the hypothesis that
magnetoreception in certain animals occurs in
retinal photoreceptors (reviewed by Wiltschko &
Wiltschko 1995). The mechanisms used by sea
turtles and other animals to detect the earth’s
field in darkness are not known (Lohmann 1993;
Wiltschko & Wiltschko 1995).
Although hatchlings could detect wave direc-

tion, whether or not light was present, a greater
proportion of the turtles met our criteria for
wave orientation when they were simultaneously
exposed to dim background illumination. Light
may facilitate orientation by allowing turtles to
see approaching waves, or by altering motiva-
tional state (Mrosovsky 1967, 1968). Because
hatchlings normally encounter starlight and
moonlight when they emerge from their under-
ground nests for the first time, weak background
illumination may act as a signal to initiate migra-
tion and to trigger a greater attentiveness to
orientation cues.
Acquisition of Magnetic Directional Preference

Laboratory experiments have indicated that
turtles can transfer a course initiated using light
cues to a course mediated by magnetic compass
orientation (reviewed by Lohmann et al. 1996).
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Turtles that were permitted to swim towards a
light in the east subsequently oriented eastward
when tested in darkness, but those exposed to
light in the west swam westward (Lohmann &
Lohmann 1994). Similar results were obtained
when turtles were permitted to crawl on land
towards a light source in the east or west; turtles
that had crawled eastward towards the light swam
east when subsequently tested in darkness, but
turtles that had crawled westward swam west
(K. J. L. & C. M. F. Lohmann, unpublished data).
In both sets of experiments, reversing the mag-
netic field resulted in a corresponding shift in
orientation, indicating that the turtles were orient-
ing to the ambient magnetic field. In addition,
turtles that were tested in darkness without swim-
ming or crawling towards a specific direction were
not significantly oriented (Lohmann 1994, unpub-
lished data). These results and the results reported
here are consistent with the hypothesis that turtles
do not inherit a preference for swimming towards
the direction that leads offshore, but instead must
acquire one on the basis of cues the turtles
encounter after leaving the nest.
Under laboratory conditions, then, hatchlings

can establish a magnetic directional preference in
at least three ways: by swimming towards a light
source, by crawling towards a light source, and by
swimming into waves. Taken together, the results
suggest that the experience of maintaining a
course, either on land or in water, is sufficient to
set the magnetic compass. Under natural condi-
tions, hatchlings crawl across the beach towards
the brighter, lower horizon of the open sea, then
continue offshore by orienting into waves. Thus,
the seaward course that turtles initiate while cross-
ing the beach and swimming away from land may
subsequently be transferred to the magnetic
compass, so that hatchlings can continue on the
same heading after swimming beyond the wave
refraction zone and entering the open ocean.
The time required for the initial course to be

transferred to the magnetic compass, at least
under laboratory conditions, appears to depend
on whether hatchlings maintain the course while
crawling or while swimming. Only a short crawl
(of about 1–3 min) is required to establish the
magnetic directional preference on land (K. J. L.
& C. M. F. Lohmann, unpublished data), but
hatchlings had to swim into waves for about
30 min (Fig. 2). These temporal differences may be
shaped by ecological factors, particularly how
long turtles can obtain reliable information from
the cues they use on land and in the water under
natural conditions.
Crawling time is a function of the distance

between the nest and the surf zone. In Florida,
loggerhead nests generally are placed approxi-
mately mid-way between the strand line and the
dune (Provancha & Ehrhart 1987; Salmon et al.
1995). By the end of incubation, however, sand
removed by erosion can result in nests so near to
the surf zone that hatchlings can crawl to the
ocean in less than 15 s, although crawls of about
45–90 s are more common (M. G. unpublished
observations).
Spatial factors also govern how waves can be

used as guideposts. Waves are reliable indicators
of offshore direction only when they are refracted,
a process that begins when waves approaching the
shore enter depths equal to or less than one half of
their wavelength (Denny 1988). As a hatchling
swims seaward, it eventually arrives in water too
deep for the bottom topography to influence wave
direction. After 30 min of swimming, a typical
loggerhead hatchling would travel about 550 m
from shore (Salmon & Wyneken 1987; Withering-
ton 1991). At major rookery sites on Florida’s east
coast, depths at such distances are rarely greater
than 9 m (1996 nautical charts for these areas).
The oceanic swells present at these locations
average about 41 m in wavelength (NOAA buoy
records) and should be refracted.
For hatchling sea turtles, the ability to set a

magnetic course on the basis of multiple cues may
increase the probability that some cue will always
be available to establish the preferred direction. If,
for example, hatchlings experience a brief crawl
because their nest is located close to the surf zone,
then waves can be used. Alternatively, if hatchlings
emerge when the ocean is calm and wave action
minimal, then a magnetic preference can be estab-
lished during the beach crawl. Most commonly,
turtles probably obtain information during both
crawling and swimming. Because the direction of
movement is usually identical in both instances,
the two responses may reinforce one another
and permit a faster acquisition of directional
preferences than by either programme alone.
Ontogeny of Orientation in Sea Turtles and Birds

Experiments suggest that when loggerhead
hatchlings emerge from their nests, they possess
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the ability to migrate in two sets of habitats: (1)
from the nesting beach to the open ocean; and (2)
within their open ocean nursery habitat, which for
Florida populations nesting on the East coast is
the North Atlantic gyre and the ocean it encircles.
Offshore orientation responses guide turtles
from their natal beach to the open sea; oceanic
orientation responses function to keep turtles in a
large area of ocean (such as the North Atlantic
gyre) that is favourable for their development
(Lohmann et al. 1996). Although relatively little is
known about oceanic orientation responses, much
has been learned about offshore orientation
responses (reviewed in Salmon & Wyneken 1994;
Lohmann et al. 1996).
Hatchlings emerge from nests in a hyperactive

state known as the frenzy (Carr 1962) and swim
almost continually for about 24 h (Wyneken &
Salmon 1992). Turtles establish a seaward course
using visual cues from the nesting beach and wave
cues in shallow, near-shore areas. We have shown
here that this preferred direction can be trans-
ferred to a magnetic compass. Both the offshore
and the oceanic orientation systems appear to be
fully functional when turtles first emerge on the
beach, as might be expected for an organism that
begins migration almost immediately after hatch-
ing. In this respect, turtles differ from young
migratory birds in that the latter have a period of
weeks or months between the time they hatch
and the time migration begins. Thus young
birds have a greater opportunity to expand
their repertoire of orientation mechanisms to
include cues and compasses that can be acquired
through learning. Moreover, they have an oppor-
tunity to practise and fine-tune orientation
abilities during small-scale excursions in a
familiar habitat. Although young turtles may also
acquire the ability to exploit additional orienta-
tion cues as they mature, such processes must
necessarily take place after the migration has
already begun.
The organization of the turtle orientation

system (to the extent that it is now known) shows
parallels with those generally found in other ani-
mals (reviewed by Able 1991a). Among these are
the use of multiple cues, an ability to transfer
information between various cues and compasses,
and an endogenous programme of migratory
activity. Some of these similarities may be univer-
sal traits of any guidance system used by animals
that migrate long distances.
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