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FIG. 3. Ar-Ar shock ages for meteorites and lunar highland samples
showing the coincidence of shock ages at ~4Gyr. Each plotted time
interval is 200 Myr. The HED (howardite—eucrite—diogenite) ages used
are those referred to as “precise’’.

and that the ancient Noachian-age terrains are from this era. But
the full significance of this age and further insights will only be
gleaned on the finding and analysis of future old Martian meteorites
or, ultimately, the analysis of samples from return missions to
Mars and other bodies in the inner Solar System. O
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Detection of magnetic field
intensity by sea turtles
Kenneth J. Lohmann & Catherine M. F. Lohmann

Department of Biology, University of North Carolina, Chapel Hill,
North Carolina 27599, USA

WHETHER migratory animals can determine their global position
by detecting features of the Earth’s magnetic field has long been
debated"™. To do this an animal must perceive (at least) two
distinct magnetic parameters, each of which must vary in a
different direction across the Earth’s surface®*. There has been
no evidence that any animal can perceive two such magnetic
features, and whether ‘magnetic maps’ exist at all has remained
controversial’®, Several populations of sea turtles™” undergo
transoceanic migrations before returning to nest on or near the
same beaches where they themselves hatched. Along the migra-
tory routes, all or most locations have unique combinations of
magnetic field intensity and field line inclination. It has been
demonstrated that hatchling loggerhead turtles can distinguish
between different magnetic inclination angles'’. Here we report
that turtles can also distinguish between different field intensities
found along their migratory route. Thus sea turtles possess the
minimal sensory abilities necessary to approximate global posi-
tion using a bicoordinate magnetic map.

The ability to return to a specific beach for nesting from
hundreds or thousands of kilometres away is common among
sea turtles. Green turtles (Chelonia mydas) that nest on Ascension
Island in the South Atlantic regularly migrate between their
nesting beach and their feeding grounds in Brazil, a straight-line
distance of more than 2,000 km (refs 11, 12). Most Kemp’s ridley
turtles (Lepidochelys kempi) throughout the Atlantic, Caribbean
and the Gulf of Mexico converge on a single, isolated beach in
Mexico to lay their eggs'""?, and loggerheads (Caretta caretta) that
nest in Japan cross the Pacific Ocean to Baja California before
returning to their natal beaches to nest’.

Adult sea turtles can also pinpoint small, isolated sites that are
not nesting beaches. Loggerheads and green turtles that nest
along the Great Barrier Reef return to specific, widely dispersed
feeding grounds located hundreds or thousands of kilometres
away from their nesting sites'*. Recent satellite tracking experi-
ments have shown that migrating green turtles often follow
essentially straight paths directly to their goals'. How sea turtles
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FIG. 1 Diagram of the North Atlantic gyre. Currents of the gyre are
represented by arrows. The number 1 indicates the only location within the
gyre where the field intensity is 52,000nT; 2 indicates where Florida
loggerheads in the gyre presumably first encounter a field intensity of
43,000nT.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LETTERS TO NATURE

0° 0°
b d
270° 90° 270° 90°
180° 180°
52,000 nT 43,000 nT

FIG. 2 Orientation of hatchling loggerheads tested in a magnetic field of
52,000nT (left) and 43,000 nT (right). The inclination angle in each case
matched that found at the turtles’ natal beach in Florida (57 °). Each dot
represents the mean angle of a single hatchling. The arrow in the centre of
each circle indicates the mean angle of the group; the arrow length is
proportional to the magnitude of the mean vector r, with the radius of the
circle corresponding to r = 1. Turtles tested in the field of 52,000 nT were
significantly oriented (r = 0.40,Z = 3.75, P = 0.020, Rayleigh test) witha
mean angle of 69°. Turtles tested in the field of 43,000 nT were also
significantly oriented (r = 0.41, Z = 3.29, P = 0.033), but in approxi-
mately the opposite direction (mean angle, 280 °). Broken lines indicate
the 95% confidence interval for the mean angle.

METHODS. Methods have been described in detail previously*°. Each turtle
was tethered to an electronic tracking unit in the centre of a water-filled
orientation arena. This was surrounded by a computerized coil system,
which was used to control the magnetic field intensity and inclination. Each
turtle began its trial in a magnetic field matching that found at the natal
beach (inclination angle 57 °, intensity 47,000nT) and was allowed to
establish a course towards a dim light in magnetic east™°. The light was then
turned off, and the field intensity was simultaneously either increased to
52,000 nT or decreased to 43,000 nT, with the inclination angle remaining
unchanged. After an acclimation period of 3 min, a computer monitored the
direction that each turtle swam towards in darkness under the new field
condition™®.

accomplish these remarkable feats of long-distance navigation is
not known.

Like adults, hatchling sea turtles are migratory. Loggerhead
hatchlings along the east coast of Florida swim offshore immedi-
ately after emerging from their nests'. They eventually reach the
North Atlantic gyre'’ (the circular current system that encircles
the Sargasso Sea; see Fig. 1), and remain within the confines of the
gyre for several years as they grow and mature'”.

Because hatchlings are small and more amenable to laboratory
experiments than adults, research on sea-turtle orientation and
navigation has focused largely on hatchlings. Hatchling logger-
heads can orient to the Earth’s magnetic field®?, and turtles can
distinguish between magnetic inclination angles found at different
points along their migratory route in the North Atlantic gyre'.

Magnetic field intensity, like inclination, varies across the sur-
face of the Earth. To determine whether hatchlings can discrimi-
nate between different field intensities, we subjected hatchling
loggerheads to two different intensities found along their migra-
tory route but on opposite sides of the Atlantic Ocean (Fig. 1).
Turtles were tested in a circular, water-filled arena that was
surrounded by a computerized coil system'’, which was used to
control precisely the magnetic field in which each turtle swam.
Each hatchling was tethered to an electronic tracking unit that
relayed the position of the turtle to a computer in an adjacent
room®™.

Turtles tested in a field of 52,000nT (a field 10.6% stronger
than the natal beach field, and at a level only encountered by
hatchlings near South and North Carolina, U.S.A.) swam approxi-
mately eastwards (Fig. 2). Those exposed to a field of 43,000 nT (a
field 8.5% weaker than the natal beach field, and at a level first
encountered on the eastern side of the Atlantic, near Portugal)
swam westwards (Fig. 2). The two distributions are significantly
different (Watson test*', U? = 0.401, P < 0.001).

These results demonstrate that hatchlings can distinguish
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between magnetic field intensities that are normally encountered
during their first months in the North Atlantic gyre. In addition,
the directional responses are consistent with the hypothesis that
hatchlings derive positional information from field intensity,
and then swim in directions that keep them within the gyre’s
boundaries.

Within the gyre, a field intensity of 52,000 nT exists at only one
location: along the southeastern United States coast, in the region
where the Gulf Stream veers eastwards across the Atlantic (Fig. 1).
Thus the eastward orientation of hatchlings in a field of 52,000 nT
is consistent with the migratory route of Florida loggerheads'™",
Such orientation would presumably lead turtles farther from the
North American coast and towards the centre of the Gulf Stream,
which in turn might reduce the likelihood of turtles straying into
fatally cold water north of the gyre!'®¥, Similarly, because turtles
first encounter a field of 43,000 nT on the eastern side of the
Atlantic, the westward orientation observed under this condition
might also function to keep turtles within the confines of the gyre.

Although the results demonstrate that hatchlings can derive at
least some positional information from features of the Earth’s
magnetic field, whether hatchlings can actually fix their position
relative to a goal (that is, whether they can navigate as adults do) is
not known. Conceivably, hatchlings might emerge from their nests
programmed merely to swim in specific directions in response to
particular magnetic features found along the migratory route (for
example, magnetic parameters along the far northern border of the
gyre might elicit southward orientation, whereas features along the
southern border of the gyre might elicit northward swimming)™.
Thus young turtles might remain within a favourable gyre or other
oceanic region without possessing an ability to navigate.

In contrast, the ability of adults to swim directly to small target
sites hundreds or thousands of kilometres away clearly implies an
ability to fix position relative to a goal>'>'®. Given that hatchlings
can detect both magnetic inclination angle and magnetic field
intensity, we hypothesize that older sea turtles learn the gradients
of these two magnetic features and eventually, as adults, develop
large-scale, bicoordinate magnetic maps for use in long-distance
migrations.

A particularly clear example of how inclination and intensity
might be used in position finding can be seen in the South Atlantic,
over the entire migratory range of the Ascension Island green
turtle population (Fig. 3). Between Ascension and Brazil, iso-
clinics (lines of equal field inclination) and isodynamics (lines of
equal field intensity) form a nearly orthogonal grid. Thus all
locations between the feeding grounds in Brazil and the nesting
beaches at Ascension are defined by unique combinations of

FIG. 3 Isoclinics®” (broken lines) and isodynamics®® (solid lines) in the
oceanic region surrounding Ascension Island. Adjacent isoclinics differ by
2° and adjacent isodynamics by 1,000 nT. The two geomagnetic features
form a non-orthogonal grid that might, in principle, provide Ascension Island
turtles with a bicoordinate position-finding system as they migrate between
Ascension and the Brazilian coast.
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migrations. For now, however, precisely how sea turtles navigate
in the open ocean remains an enduring mystery of behavioural

k& J biology. O
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North Atlantic. Nevertheless, the two sets of isolines form a non-
orthogonal grid that could be used to approximate global position
from nearly all locations along the North Atlantic gyre (Fig. 4), as
well as from all known loggerhead feeding grounds along the
North American coast™.

If a magnetic map is indeed used by sea turtles during naviga-
tion, it might range from a system that provides only a crude

estimate of global position to one capable of pinpointing a specific ROIe Of protozoan graZ| ng in

beach. The resolution would depend in part on the sensitivity of

the turtles to the two magnetic parameters, which at present is rellev.ng iron Ilmltatlon

entirely unknown. However, honeybees may be able to detect

intensity differences of as little as 26 nT (ref. 23), and a sensitivity °f phytoplankton

of approximately 10-20nT has been hypothesized for birds®. If

turtles have similar abilities to discriminate intensity, and can also Katherine Barbeau, James W. Moffett*,

detect inclination angle with great precision, a highly accurate David A. Caron, Peter L. Croot & Deana L. Erdner
system is at least theoretically possible. Alternatively, however, a

magnetic map might function only to guide turtles into the general Woods Hole Oceanographic Institution, Woods Hole
vicinity of a nesting beach, close enough for other cues (for  pascachusetts 02543, USA ' '
example, olfactory or visual) to take over and allow final localiza- !
tion of the nesting site. REecenT evidence indicates that iron is a limiting factor in primary

The bicoordinate magnetic maps we have proposed could production in some areas of the oceans'?, In sea water, iron is
presumably not provide accurate positional fixes at sites of  largely present in the form of particulate and colloidal phases
strong magnetic anomalies, and the exact east—west position which are apparently unavailable for uptake by phytoplankton®*.
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cannot be unambiguously determined in those few parts of the Several mechanisms have been proposed whereby non-reactive
central North Atlantic where isoclinics and isodynamics are iron may be converted into more labile forms (for example,
parallel (Fig. 4). Because areas with coinciding isolines are  thermal dissolution®, photochemical reactions’ and ligand com-
relatively restricted, however, and because none occur in locations plexation’). Here we report that digestion of colloidal iron in the
frequented by adult turtles, we do not consider them to pose a acidic food vacuoles of protozoan grazers may be a mechanism for
serious problem for the hypothesis. Moreover, migrating through ~ the generation of ‘bioavailable’ iron from refractory iron phases.

such regions would not necessarily be difficult; a turtle on its way We have demonstrated several grazer-mediated effects on col-
to a North American nesting beach might, for example, simply  loidal ferrihydrite, including a decrease in colloid size, an
swim westwards until it re-enters an area where an accurate fix of increase in colloid lability as determined by competitive ligand-
position is again possible. exchange techniques, and an increase in the bioavailability of
Even if turtles do not possess or use bicoordinate magnetic colloids to iron-limited diatoms. These results indicate that
maps, the ability to detect subtle differences in field intensity may protozoan grazers may significantly enhance the supply of iron
still be used in long-distance navigation. For example, turtles to marine phytoplankton from terrestrial sources.
might detect magnetic anomalies and use them as landmarks for Heterotrophic nanoprotozoans are known to be important
piloting through familiar areas, or they might follow magnetic components of the marine planktonic ecosystem as the primary
maxima and minima pathways that have arisen as a result of consumers of bacterial biomass'® and recyclers of major
seafloor spreading. Some whales and dolphins are thought to swim nutrients'"'"?. These grazers consume particles and colloids in
along such magnetic lineations while migrating*.
Thus the ability to detect magnetic field intensity might be used
by sea turtles in several different ways during long-distance *To whom correspondence should be addressed.
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