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Summary

Satellite tracking has recently shown that the very long
open-sea journeys of sea turtles and albatrosses share
several features, in spite of the different physiological and
environmental constraints to which turtles and birds are
subjected. The reviews of data obtained by tracking
migration and feeding r outes show that both seaturtlesand
albatrosses are able (i) to pinpoint small, isolated targets
by following straight courses, (ii) to continue on a bearing
at night even when the moon is not visible, (iii) to
compensate for wind or current drift and (iv) to return

home after experimental, long-distance displacements. Sea
turtles and albatrosses seem to rely on a position-fixing
capacity which cannot be explained by known navigational
mechanisms but might be shared by other animals that
display similar feats of open-sea guidance. Futureresearch
will further benefit from satellite telemetry and other new
techniques applied to experimental investigations.

Key words: navigation, homing, satellite tracking, sea turtles,
albatrosses.

Introduction

Research on animal navigation provides special reasons for
comparing sea turtles, nature's heavily built marathon
swimmers, which cross the seas using the strength of their
flippers, with albatrosses, her swift acrobats, which glide over
the waves. The first reason is that both sea turtles and
albatrosses are genuine oceanic navigators; by undertaking
journeys thousands of kilometres long, they are able to reach
asmall target, such asatiny island in the middle of the ocean,
or aspecific site on a continental coast. This performance, like
the reproductive migration of some fishes, is astonishing
mainly on account of the uniformity of the environment within
which it is achieved. By reducing the number of cues available
for navigation, this environment eliminates the factor which is
so disturbing in evaluating navigational performances, namely
the presence of landmarks with their implicit capacity to guide,
attract or repel.

The amazing performance of sea turtles was stressed by
Archie Carr, who had been struck by the case of the Brazilian
green turtles (Chelonia mydas) that migrate to Ascension
Island, 2000km or so distant, to lay their eggs. For these
turtles, Ascension Island is the target island, the ‘IslaMeta’, to
which Carr devoted an entire chapter of his book (Carr, 1984).
He had also emphasized that other animal navigators, such as
oceanic birds, which achieve similar performances, may have
to rely on similar cues and mechanisms. Comparative studies
may thusfacilitate the discovery of the underlying navigational
mechanisms.

To these reasons for comparing turtles and albatrosses one
may add that satellite tracking has recently been applied to
both, permitting reconstruction of the paths they follow even

when very long distances are involved. This technique has
considerably enhanced our knowledge and understanding of
the navigational performances of these creatures.

The present review emphasizes the findings obtained using
satellite tracking and briefly discusses the new perspectives it
has opened up.

Sea turtles

Most of our knowledge about sea turtles' spatial behaviour
derives from the recovery of tagged individuals (Meylan,
1982). Adult females are known to return regularly to the same
nesting beach where they accomplish a series of egg-layings at
intervals of several days, during which they wander in the
surrounding waters. At the end of the nesting cycle, they may
exhibit different forms of spatial behaviour; they may (i)
remain in the same area, (ii) perform erratic movements or
long-distance journeys not directed to resident grounds or (iii)
undertake migrations towards spatialy separate resident
grounds. In the loggerhead turtle (Caretta caretta) and the
green turtle, fidelity to the feeding grounds has been
demonstrated (Limpus et al. 1992; Balazs, 1994), so that a
regular migration between two specific areas can be said to
occur, at least in some cases. These different behavioural
patterns may be displayed not only by different species or
demes but also by different members of the same deme (Carr
et al. 1978; Green, 1984).

Obvioudly, tag recoveries can hardly permit reconstruction
of the turtle journeys. Before the introduction of satellite
telemetry, the previously available methods allowed only a
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time-consuming reconstruction of short legs of journeys by the
visual or radio tracking of turtles towing helium balloons or
transmitting floats (Carr, 1963, 1972; Baldwin, 1972). The
most interesting findings included the capacity for coastal
navigation and straight movements off shore.

Pioneer experiments using satellite tracking were performed
on the loggerhead turtle (Stoneburner, 1982; Timko and Kolz,
1982), and complete reconstructions of long-distance journeys
became possible several years later.

Apart from preliminary reportsthat are often hard to classify
(e.g. Eagleson et al. 1978; Renaud, 1990; Byles and Swimmer,
1994; Renaud et al. 1994), the types of movement that have
been studied by satellite tracking can be grouped as follows.
(1) Short segments of migratory journeys or similar
movements. loggerhead turtle (Hays et al. 1991). (2) Tracks
showing wandering activity in feeding grounds. loggerhead
turtle (adults and subadults, Renaud and Carpenter, 1994);
Kemp's ridley turtle (Lepidochelys kempi, juveniles, Renaud,
1994). (3) Long-distance movements apparently not directed
at specific resident grounds. loggerhead turtle (Timko and
Kolz, 1982; Stoneburner, 1982; Byles and Dodd, 1989;
Keinath et al. 1989); oliveridley turtle (Lepidochelys olivacea,
Byles and Plotkin, 1994). (4) Incomplete long-distance
migratory journeys: this description is adopted when there is
no evidence of arrival at the resident grounds. Sometimesiit is
difficult to distinguish between cases to be assigned to this or
the previous group: green turtle (Spring, 1990; Liew et al.
1995); hawkshill turtle (Eretmochelysimbricata, Groshens and
Vaughan, 1994); Kemp's ridley turtle (Byles, 1989); olive
ridley turtle (Plotkin et al. 1995); leatherback turtle
(Dermochelys coriacea, Duron-Dufrenne, 1987; see also
Keinath and Musick, 1993, for movements in the interesting
period). (5) Entirely reconstructed migratory journeys to the
feeding grounds (Fig. 1). They can be subdivided into: (5a)
journeys mostly swum aong the coast (green turtle, Liew et
al. 1995: Fig. 1C, track e; hawksbill turtle, Groshens and
Vaughan, 1994; Byles and Swimmer, 1994; Kemp's ridley
turtle, Byles and Plotkin, 1994; Plotkin et al. 1995) and (5b)
journeys mainly carried out in open seas (green turtle, Balazs,
1994; Balazs et al. 1994; Papi et al. 1995; Liew et al. 1995).

Besides the ability to maintain straight courses, which is a
frequent feature in tracked journeys, the casesillustrated in 5b
also revea that these turtles have a surprising capacity to
pinpoint specific targets during along-distance journey in open
seas, without movements indicating a random or systematic
search. This behaviour is particularly striking in track a in
Fig. 1C: this turtle was able to take a route which led her
straight to the strait through which she had to pass to reach the
feeding grounds. In the cases illustrated in Fig. 1, the ratio
between the ‘beeline’ distance from nesting to resident grounds
and the distance actually travelled (straightness index,
Batschelet, 1981) ranges between 0.71 and 0.98.

Tracks of naturally occurring journeys can certainly allow
inferences to be drawn about turtle navigational mechanisms,
but further progress is only possible using an experimental
approach. In this connection, experimental displacement from
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Fig. 1. Examples of migratory journeys of green turtles tracked by
satellite. (A) Tracks recorded in the Hawaii region (from Balazs,
1994; Balazs et al. 1994, modified). (B) Tracks of turtles migrating
from Rose Atoll, American Samoa, to Fiji Islands (from Balazs et al.
1994, modified). (C) Tracks of turtles migrating from Redang Island,
West Malaysia (from Papi et al. 1995; Liew et al. 1995, modified):
track d is not complete, as the transmitter stopped emissions before
the resident grounds were reached. Track e is an example of
navigation along acoastline. Theturtlein track c stopped in the waters
near the island.

the nesting grounds or en route seems to be a promising
method. Only a few long-distance experiments have so far
been attempted, and not all of these have led to meaningful
outcomes.

A first unplanned experiment, reported by Cornelius (1865),
involved a green turtle caught at Ascension and transported by
ship as far as the English Channel, where the animal looked
unhealthy and was thrown overboard. This turtle, which was



recognisable because it had been branded, was caught again at
Ascension 2 years later. This finding appears even more
remarkable now, after the discovery that all Ascension turtles
havetheir resident feeding grounds on the Brazilian coast (Carr
and Mortimer, 1987). Thus, this unlucky turtle succeeded in
finding its way back to Ascension, probably after a stay at its
Brazilian feeding grounds, starting from a distant site well
away from its migratory route.

Carr (1972) interrupted the nesting of an Ascension green
turtle and displaced her 187 km north from what should have
been her course to Brazil. After an initial zigzag, the female
headed straight in one direction, only deflecting 15° from
Ascension. Unfortunately, visual tracking wasinterrupted after
about 9km.

Liew et al. (1995) transported a green turtle caught at
Redang Island, Malaya, 280 km south and released her on the
east continental coast. The turtle, equipped with a satellite
transmitter, quickly returned to Redang, following a course
along the coast.

According to a preliminary report by Renaud (1994), a
juvenile Kemp'sridley turtle, tracked by satellite, homed after
a 110km displacement along the Texas coast. Other
experiments have involved green turtles displaced over short
distances: Baldwin (1972) tracked target-directed movements,
whereas Ireland (1980), Renaud and Carpenter (1994) and
Luschi et al. (1995) followed complete return paths.

Albatr osses

A great number of field and at-sea observations and one
crucia displacement experiment (Kenyon and Rice, 1958)
have for quite a time earned albatrosses a reputation as skilful
oceanic navigators. They have developed a technique of slope-
soaring along waves which alows them to proceed over the
ocean at an extremely low cost in terms of energy and to
wander in search of food a enormous distances from lands.
Thereis circumstantial evidence that some albatrosses, such as
the related giant petrel (Macronectes giganteus), perform
circumpolar journeys over the Southern Ocean (Tickell and
Scotland, 1961; Robertson and Kinsky, 1972), moving
eastwards with the aid of the prevailing winds. However,
albatrosses periodically return to nest in their natal colony, thus
showing their excellent ability to rediscover a specific remote
isand (see Gibson, 1967; Fisher, 1971, for references). A
similar performance is displayed when they home from long
foraging flights during the nesting season. Definitive evidence
of albatrosses mastery of navigation derives from the classic
displacement experiment of Kenyon and Rice (1958), who
reported that 14 out of agroup of 18 nesting L aysan albatrosses
(Diomedea  immutabilis), which had been moved
2116-6629km in the Pacific area, managed to return to their
nests in a relatively short time.

As with turtles, satellite telemetry has provided the basis
upon which reasonable hypotheses about albatross
navigational mechanisms can be formulated. In these
experiments, the transmitters are usually attached to nesting
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birdsin order to track their foraging trips. Following a pioneer
study on the southern giant petrel (Strikwerda et al. 1986),
French authors have provided a large quantity of useful tracks
and data on the wandering albatross (Diomedea exulans)
nesting at the Crozet Islands and, to alesser extent, on thelight-
mantled sooty abatross (Phoebetria palpebrata) breeding at
Macquarie Idand (Jouventin and Weimerskirch, 1990;
Weimerskirch et al. 1993, 1994; Weimerskirch and Robertson,
1994). Further tracks were recorded for wandering albatrosses
by Prince et al. (1992) in South Georgiaand by Nicholls et al.
(1992) in southern Australia

The albatrosses may forage in the surroundings of their
nesting island or perform long journeys, which are clearly of
greater interest to navigation. The evaluation of their routesis
made difficult by two main factors. Albatrosses forage in
different areas and also en route, so that the destination of their
flights cannot be predicted. Moreover, their routes depend on
wind direction and intensity; hence, alarger number of tracks,
together with the pertaining wind data, are necessary to assess
how the wind pattern actualy influences their directional
options.

Considering the major source of information available,
namely the tracks of Crozet wandering albatrosses (Jouventin
and Weimerskirch, 1990; Weimerskirch et al. 1993, 1994),
some genera features can be deduced. (1) The birds may
forage in all quadrants (Fig. 2), even if prevailing winds blow
from only one direction (west in the case considered). (2) The
shape of the entire trip varies substantially; the outbound and
inbound legs may be more or less widely separated, thus
forming loops of different shape (Fig. 2A—C). Alternatively,
they may intersect (Fig. 2D—F) or nearly coincide (Fig. 2G-).
Tracks of al these types have also been recorded in sooty
albatrosses (Weimerskirch and Robertson, 1994; H.
Weimerskirch, unpublished data). (3) The birds' return flights
do not reveal reliance on search mechanisms, and they mostly
approach the home island along a straight course. Such straight
approaches can occur with crosswinds (Fig. 2A,B).

Besides the displacement experiment of Kenyon and Rice
mentioned above, only one other experiment of this kind has
been performed. Fisher (1971) displaced chicks and fledglings
of Laysan abatrosses from their natal site to different islands.
Only the fledglings were later able to rediscover the natal
colony, whereas the chicks were only recovered at the site of
the foster colony. This result indicates that the cues required
to recognise the mother colony may be acquired between the
ages of 1 and 5.5 months.

Experiments on species of procellariformes other than
albatrosses confirm excellent homing abilitiesin this order (see
references in Matthews, 1968; Dall’ Antonia et al. 1995). In
Cory’s shearwater (Calonectris diomedea), homing paths of
displaced individuals were recently reconstructed by means of
a direction-recording data-logger (Dall’ Antonia et al. 1995).

Discussion and conclusions
Satellite tracking has shown that sea turtles and albatrosses
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Fig. 2. Tracks of foraging trips of wandering albatrosses as revealed by satellite telemetry. The small circles indicate the localizations obtained,
thelarger circleindicatesthe position of the homeisland. (A—C, E-I) Tracks of birds nesting at Crozet | slands (from Jouventin and Weimerskirch,
1990; Weimerskirch et al. 1993, modified). (D) Track of a bird moving from South Georgia (from Prince et al. 1992, modified). The open
arrows in A and B indicate wind direction during the birds' arrival at the island. The small filled arrows show the direction taken by the birds.

succeed in covering long legs of oceanic journeys maintaining
straight courses and heading for specific targets from hundreds
of kilometres away, compensating for wind or current drift.
Homing experiments have demonstrated that these animals are
able to reach home after a displacement to an unfamiliar area.

The navigational mechanisms described for other animals
can only partly explain these performances. In the absence of
drift, straight courses could be maintained by a compass
orientation mechanisms. Besides a sun compass, both turtles
and albatrosses have to rely on a star or a magnetic compass
to keep straight courses, even on moonless nights (Prince et al.
1992; Luschi et al. 1995). Turtles, which are myopic out of
water and thus unable to see stars, must, however, rely on the
magnetic compass alone. The wave direction may also be used

for compass orientation. This has been proposed for birds for
along time, and Lohmann et al. (1995) have found that wave
direction is the primary orientation cue used by turtle
hatchlings after entering the sea. So, the wave direction might
be utilized by adults in navigation, provided that they are able
to calibrate their direction with a true compass. However,
compass orientation cannot by itself account for the
compensation of drift and experimental displacement.

The orientation mechanism may be based on sensory contact
with the target; one possibility to be considered is reliance on
chemical cues originating from the target (for Ascension green
turtles, see Koch et al. 1969). The tracked routes of turtles and
albatrosses fail to show the zigzag movements to be expected
in the case of a gradient appraisal. Moreover, the migrations



of green turtles in the South China Sea may occur in the
presence of cross currents (Papi et al. 1995), and wandering
albatrosses may reach the nesting island when a side wind is
blowing. When turtles migrate over shalow waters, cues of
any nature originating from the sea bottom may play a role.
The tracks of two green turtles reported in Fig. 1C, which
migrated separately towards different feeding grounds, almost
coincide over along leg, as there were local guiding stimuli.
However, a similar coincidence between the routes of two
individuals also occurred over deep waters (see Fig. 1B); in
this case, cues perceived from the sea bottom could hardly have
been involved.

Information that is used in navigation may originate from an
outward or previous journey (route-based navigation).
Reliance on such information, however, could not explain
pinpointing navigation in animals subjected to the drift of
winds and currents and able to compensate for passive
displacement. For the same reason, journeys based on
endogenous  spatio-temporal programmes  (vectorial
navigation) are to be excluded.

On the whole, the available data indicate that turtles and
albatrosses take advantage of a position-fixing mechanism that
is operative over the entire journey and can still be used far
from familiar areas and the customary routes. This mechanism
would alow drift compensation en route, homing from
unfamiliar areas and other remarkable performances such as
those illustrated in Fig. 2I. Here, the albatross flies home by
amost exactly retracing a zigzag outward leg, a behaviour
pattern which, in the presence of trails or landmarks, could be
classified as trail following or route reversal. On the windy
Southern Ocean, this performance can be explained only by
assuming that a series of fixes is made, memorised and used to
relocate the outbound track.

The position-fixing mechanisms of animals (map-based and
grid-based navigation, Papi, 1992) have only rarely been
investigated, except in the case of the homing pigeon, which
has been shown to possess an olfactory map alowing homing
from unfamiliar sites (Papi and Wallraff, 1992). It is hard to
imagine that a map of this kind can operate over long distances
in open seas. Among other things, the Southern Ocean, with
its violent winds, which blow mostly in one direction, seems
to lack the requirements needed for the acquisition and use of
an olfactory map.

Grid-based (bicoordinate) mechanisms of navigation, which
might explain these performances, have been hypothesised but
not yet demonstrated. It is often assumed that one of the
coordinates is obtained by calculating the astronomical or
magnetic latitude. Since turtle hatchlings and birds have been
found to be responsive to variations in the inclination of the
magnetic field (Lohmann and Lohmann, 1994; Wiltschko and
Wiltschko, 1972), magnetic reckoning, which also has the
advantage of being ever present, seemsto be the best candidate
for our animals.

Before speculating about the second element of the
bicoordinate grid, we have to consider whether it is really
required to explain the observed facts. Lohmann and Lohmann
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(1994) propose that turtles might locate the nesting beach by
relying only on magnetic latitude determination. This strategy
would be more successful when the target is on a coast aligned
north—south or an island to be reached from the east or west.
There are, however, some cases of smal islands that are
reached from other directions (as in Fig. 1A); moreover,
albatrosses approach their target island from all directions.
Even if it is conceivable that the animals task might be
facilitated by stimuli deriving from the target and detectable at
acertain distance, any auxiliary stimuli, if chemical in nature,
could not be detected when the animals arrive with side or tail
winds or currents.

If one supposes that a true bicoordinate grid is required, a
difficult problem arises about the nature of the second
coordinate. The history of human navigation shows that there
are few cues accessible to living beings which can be used for
fixing longitude; the method of determining it was solved only
in the 18th century. A hypothesis worth testing is that of
Lohmann and Lohmann (1996), who suggest that the entire
map is magnetic and based on the inclination and intensity of
the field. Over some areas, the isolines of these parameters
actually intersect, forming agrid that could be used for position
fixing.

The present survey has shown that seaturtles and albatrosses
are excellent subjects for experimental research and that they
could be used to make possible further achievements in the
study of animal navigation. Their status as threatened species
sets a limit to experimentation, which may yet provide
information useful for conservation (Prince et al. 1992;
Weimerskirch and Robertson, 1994). Interesting results may
derive from systematic tracking experiments on displaced adult
turtles and albatrosses, in some cases after treatments reducing
or altering their perception of environmental stimuli. In this
connection, tracking animals displaced over a limited distance
with direction-recorder data-loggers may aso provide
meaningful results, as these devices alow continuous
recordings of animal movements without the discontinuity of
satellite fixing. Direction recorders carried by animals are
nowadays reliable and are producing excellent reconstructions
of animal journeys (loaléet al. 1994; Dall’ Antoniaet al. 1995;
Wilson et al. 1993). In the near future, satellite transmitters,
data-loggers and other devices which are being devel oped will
provide the instrumental aid for the experimental strategies of
the researcher.

We are grateful to Henri Weimerskirch for permission to
analyse some unpublished albatross tracks and for a critical
reading of the manuscript. This work was supported by the
Italian MURST, the Comitato Ricerche Tecnologiche e
Innovazione del CNR and the ENEA.
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