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Abstract Four green turtle females were racked by
satellite during their post-reproductive migration in the
South China Sea, Three of them reached their feeding
grounds 923-1551 km distant. During nesting activity.
alemale was displaced twice. and her return trips to the
nesting beach from 11 and 284 km were tracked by
a direction-recording data-logger and by satellite. re-
spectively. Part of the Journeys occurred couastwise.
dicating that leading geographical features had heen
utilised. The straightness of the turtles' tracks in open
scas, both over shallow and deep waters, and their
ability to pinpoint distant targets and home alter dis-
placement off their usual routes. provides circumstan-
tal evidence for a true navigation mechanism.
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Introduction

Like many bird species. migrating sea turtles arc able 1o
reach very distant. specific targets which may even he
mall isolated oceanic islands (Carr 1972, 19840 In
pite of its mterest. the unsctiled question about the
“ruidance mechanism(s) through the apparently cucless
uniformity of the occan has hardly been mvestigated.
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A possible first step in tuckling the problem is recon-
struction ol the routes followed by the turtles in open
seas. which is Facilitated by the satellite tracking tech-
nique (see Renaud o al. 1993 Balazs ¢l al. 1994 for
references). Successive steps might consist in displace-
ment experiments and manipulation of SENSOTY -
formation. two approaches which remain in their
preliminary stages (Baldwin 1972 Carr 1972). An
important contribution may also be derived from on-
entation experiments on hatchlings, which are available
m large numbers and can be casily subjected to laborat-
ory tests (e.gs Lohmann and Lohmann 1993),

The green turtle is the best known species as far as
nugratory travels and ability to pinpoint small isolated
targets are concerned (Carr 1972, 1984: Balazs 1994:
Balazs ctal 1994). A recent satellite tracking of a female
migrating in the South China Sea has permitted some
ferences on turtle mechanisms of navigation (Papi
clal 1995), and paved the way for further experiments
on the same nesting community, Qur study 15 a part of
arescarch program on the biology and migration of
West Malavsian green turtles. The present paper re-
ports results of interest lor an understanding of the
navigational mechanisms of sea turtles, Liew et al,
(1995) have reported elsewhere the original data from
the Argos satellite-based system on the locations ob-
Lined from the four taretles considered in the present
I'!'Elp'\,‘l'.

Materials and methods

Phe Females we trached were caoght in e sommer of the 1994 while
nesting o the Chagar Hutang beach (5 495N, 103 00 of Puliu
R, an ishand located 45 ko ofl the coqst of Ferenggann, Penin-
subar Mabocsa, The ceg lving of the turtles on this beach has been
regulirly monitored sinee 1993 (he internesting activity has becn
obpect of orevent stady i Liew and Chan 1993,

Phe trsmitters inked 1w the Aveos svstem (Taillade 19923 were
Telonics ST-30 Phe method esed e attach them o turtles s die-
serthed i detinl by Liew et al (1995 An improved model of the
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route recording device developed by Brameiti e al, (19585 see alsae
DallAntonie et al 1993 and previously used on bieds dloald et al.
ity Dl Amtemia et ol V9930 was implemented in one of e twao
heming esperinents by inserting i o waterprool case attached 1o
the tartle corapace. The deviee records the anele between the turtly
By exs aomd mnagnetic North every s, Following recovery ol 1he
device. the stored dati pernats route reconstrig o,

The turtles were ehosen wmong those which, on the Basis of therr
Previows nesting aetivily i e scison, were expected o be aboul e
feve Tor the Teeding grovnds, Torles B, CLand 13 were equipped
with the PTT inmediately affer nesting and le free o start migra-
b, Conversely, tartde A was canght when it landed 1o nest, ws
pecvented frome nesting, o seon lter was equipped with the roote
recorder amd displuced by Boat e be released m the open sey
LR NCATer her retorn v the Beach, she was allowed to nest and
wits wsaed Lter o second displacement experiment, | e turtle wis
liest travnsported 1ot mambind by boan aond then southwards by
vt She was Anally copuipped wath o PTT amd released ot a siie on
the Malay cist Coast i3 17750 103 2515 253 kin South ol Reding
altera trp Listing 15 |,

The locations for fixes) calenlaied by the satellines were assigned
B Argos oosin classes on the hasis ol therr estimated acecuray,
In Figs. | 3 the locations of the Tour hest classes are odicaned
by lilled o apen dots, those of e twe worst chvsses by asterisks or
X Inreconstrocting the tracks those fives which were claly erron-
cows lindiced mothe Ogores byoa Yo uprizghn or overtured) were
disregarded, und the hroken line jonmme e valid lises was
smoothed to compensate Tor the approsimation of the lives, The

phitted tracks have been wsed 1o ronghly calenbne the length A of

the turtle™s coursesamother method emploved was that of caleulating
the length B by adding the sezments of the broken line, Usually, the
Formier methiod produces nnderestivined salues fespecnaily when 1he
fves are widely spaced). wlile the latter gives an overestioed
lenvgt b fespeciadly i the opposite casel The values obtained witl the
P methouds e given as distance A and B respectively. The tnp
wits assumed toostan from the fiest Gy Tollowed b o comnsistent
mvenment lowards the feeding grounds, As arrnaal poat we con-
stdered vhe Test i inside the aren wheee 1he tuetde then remiined
wandering sround, The distance (hee-line) between starting and
arrival poinds is derived From the losodromse rowte, the orthadeonie
ronte haing for the distanees amd Bitnodes considered virually
coincident. The ratio between distance and lensth of the roune
provciced the strasghiness medes (Batscheber 19510 which varics be-
Pween hand |

For the turtles whieh movigated m the open seawe lsve compared
dhivrnal vs nocturnal performance i erms of specd and directedness,
Toviehieve s woe e considerad e sewments bepween successive
lises travelled completely or mostv 4 = 90" during the aight or
ey Dnta froma sesments coverad i less than 120 min were eseluded
becise of there Tower relinbiling . Velociy comparison was carricd
oul using the Mann-Whitnes U-test (Sieecl 1936),
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As regards the looning conrse trcked watly the route recorder, the
dasta stored in the memors were processed by soltwire running on
PO assuming i constant speed ol the turtle, This method. along with
any elliect ol current deifl, produced an error in the ealeulation ol the
wnd-port ol the oming ip, which tormed oot te be 19 km 1ol the
vesting heach, The track given in Figs 3 has been corrected Tor this
Crr.

Results
Migratory trips to the feeding grounds

The trackimg ol the turtles migrating to the feeding
arounds was suceessful. as the Tour PTTs applied al-
lowed the reconstruction of three complete migratory
tripsand o Lirge part of a fourth one (Figs. 1 and 2). The
mam features ol the four trips can be summarised as
[ollows.

Turtle 40 Afer having come back o the Redang area
from the sccond displacement (see later). this turtle
nested on Chagar Hutang beach on Septl. 8 and was
recorded i nugration on Sept. 9. The trp (Fig. 1)
consisted ol three legs: the first i open scas steering
castward, the second with a south-east bearing until the
Bruncr coast in Borneo was rveached. and the third
coastwise, north-cast up o the feeding grounds in
Subah. The distance (bee-line) between starting and
arrival points s 1376 km. and the Tength of the track
FOTSEAY TO06B) km. The value of the straighiness in-
dex s O8A) (LR6IBL The trip Tasted 29 d 20 b, with
aomean speed of 2225 0A) 2.241B) km he Emissions [rom
the resident grounds were recorded for 60 more days:
alter which we asked Argos 1o stop supplying data.

Fig, 1 Tracks ol tartdes Land B Depariures oceurred from Redang
Falaend dorcinted at the contre of the Lirge open virele on the T lefl,
Symhals oo close e the tracks indicate satelline locations: filled
o, Noand b orefer oo tuetle 1 epenr dors, eaevind s and orertmened
Voo tmede B The vectaegrdar areas woitly desbied borders an the right
ey ol the tichs sl the dreas whore the tartles were located after
mgraiion wis o pleted. Crber ecxplanations in the tead
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Turtle B. This turtle performed the longest migratory
journey, her feeding grounds being located around the
small Bugsuk island! close to the southern end of the
Palawan lIsland in the Philippines (Fig. 1). Navigation
occurred in open seas, following a straight coursé with
only minor oscillations. The distance between starting
and arrival points is 1616 km, and the length of the
track 1737(A} 1719(B)km. The value of the straight-
ness index is 0.93(A) -0.94(B). The trip, which began on

21 Sept. lasted 28d 0T h, with a mean speed of

2.56(A)-2.33(B) km/h.  Emissions lrom  the
ground arca stopped 39 days alter arnval.

leeding

Turtle C. This turtle left Redang in a southward dirce-
tion, moving along the coast of the Malay Peninsula,
crossed the Singapore Strait and then coasted along
Bintang Island and the Linga Archipelago (Fig. 2).
After that, the turtle swam for about 150 km in open
scas to attain Bangka Island, where her feeding
grounds were located. The distance between starting
and arrival points is 923 km, and the length of the track
is 108O(A)-1153(B)km. The straightness index s
0.%5(A)-0.80(B). The trip, which began on Septl. 11,
lasted 27d  22h, with an average speed of
L61(A) 1.72(B) km/h. Emissions from the leeding
grounds were recorded for 61 more days. after which
we asked Argos to stop supplying further data.

Turtle D. Alter the turtle left Redang, it kept a gently
winding SE course, so gradually moving away from the
coast (Fig. 2). The track passed west ol the Anambas
Archipelago: therealter the emissions were no longer
received for about two and half days. The two last fixes
indicated that the turtle was heading for the Tambelan
Islands. The distance between the starting point and
the last fix is 623 km, and the length of the track
627(A)-714(B) km. The value of the straightness index
is 0.99(A)-0.87(B). The recorded trip began on 28 Sept.
and lasted 16d 09 h, with a  mean
1.35(A)-1.77(B) km/h.

As regards the during day- or night-ume perfor-
mance of the three turtles which travelled in open seas.
it turns out that the night speed was slightly lower inall
the turtles, but the significance was only reached m
turtle D (P < 0.05). No consistent diflerences were
found between nocturnal and diurnal courses. Turtles
B and D navigated in open seas during the new moon
with apparently unaltered nocturnal performance.

Displacement experiments

The two experiments were performed on turtle AL This
female was caught for the first ime when she landed for
her seventh nesting al the Chagar Hutang Beach on 25
Aug. at the beginning of the night. She was cquipped
with the route recorder, transported by boat 111 Km
North and there lowered into the sea at 2220 h. She was

speed  of
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Fig, 2 Tracks of turtles C und D, Redang Island is located at the
centre of the farge epen civcle at the wp left. Open dots, asterisks and
avertrned Y refer wo tartle O filled dots, X and ¥ to tuntde D Other
cxplanations as in Fig, |

catght again while nesting on the same beach at 2020 h
of the 26 Aug. The data stored in the route recorder
made it possible to reconstruct the path given in Fig. 3,
which was swum with an average speed of 2.4 km/h. As
the path was reconstructed on the assumption that the
turtle kept a constant speed, the track plotted in the
figure is only indicative of the route actually followed. In
any case, there is evidence for an initial serics of segments
in difterent directions followed by a leg heading straight
for the beach. The data stored in the recorder show that
the turtle arrived just off the beach at 0543 h. Thereafter,
she wandered nearby all day long and landed to nest
after dusk. as turtles usually do. These wandering move-
ments are not reported in the picture.

After nesting, the female was transporied to the re-
lease site on the peninsular coast, about 284 km South
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Fig. 3 Homing journey of tustle 4 displaced 11,1 km North of the
nesting beach, us reconstructed aecording to the duta stored in the
direction-recording data-logger

ol Redang (see ‘Methods'). There she was equipped
with a PTT and let free op 27 Aug.at 1500 h, The first
fix after release was obtained 3d 13 h later. the turile
being 104 km north of the release site (Fig. 4). Aflter
that, she continued o move northwards, following
a coastwise route; on 3 Sept. she reached the waters
surrounding Redang with a straight course. We con-
sider that the trip back to the nesting area ended 7 d
01 h after release, The length of the track is 208N
304(B) km and the average speed 1.77(A)-1.81(B) km/h.
The value of the straightness index is 0.95(A) 0.93(B).
After returping, the turtle wandered for five days in the
waters north of Redang and landed to nest again on the
Chagar Hutang Beach on § Sept.

Discussion

The pattern of the four migratory routes and the return
journeys of the displaced turtle allow some inferences
about the navigational mechanisms of sea turtles, The
green turtle 1s known to be a migrant regularly shutt-
ling between specific nesting and feeding grounds
(Meylan 1982: Limpus et al. 1992: Balays 1994) We
may therefore assume that our turiles ALB,and C were
successful in reaching the intended goal with their

P. Luschi et al.: Green turtle navigation
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Fig. 4 Journey of the displuced turtle A from the release site on the
Malayan east coast to Redang Island. The rectangle around Redang
indicates the arca in which the turtle was located before her later
nesting, Ciher explanations as in Fig, |

migratory trips, while turtle D was heading home when
PTT enissions stopped. Turtle A was similarly success-
ful in returning to the nesting beach after passive dis-
placement, not only from a short distance. bul also
from a quite distant site (280 km) off her usual miges-
Lory roule,

Considering the tracked routes, some features are
immediately striking. Turtle C was able to use the
coastline as a guide for most of the migratory journey,
in & way similar to turtle A after her second displace-
ment. Turtles AB, and D migrated on open seas,
keeping ar almost direct course towards their feeding
grounds {Figs. 1 and 2). This is confirmed by the high
values of the straightness index and by the amazing fact
that turtle B pinpointed the Strait of Balabac. the main
wary to her feeding grounds. at the end of a very long leg
inthe open sea (Fig. 2). Another intriguing finding is
that the lirst leg of the journeys of turtles A and B,
though made scparately, coincided almost perfectly.

Considering now the mechanisms which permitied
the navigational performance of our turtles, our start-
ing point is the assumption that the migratory journeys
are homing events, just like the trips back after dis-
placement, as they all involve a return (o u familiar site.
Therclore, in the lollowing discussion we can use the
concepls and terms on which a recent classification of
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homing phenomena is based (Papi 1992). Beginning with
turtle C, we note that her trip is different from the others,
as it almost completely runs along continental and nsu-
lar coasts. In theory, a mechanism of route reversal
based on a landmark series might be sufficient to explaim
her orientation. although pilotage based on an acquired
topographical map cannot be excluded. In any case, the
leg of her journey in open seas from Linga Archipelago
to Bangka Island (about 150 km, see Fig. 2) seems 1o
have required, at least, the use of a compass mechanism.

Further cases of coasting are shown by turtle A, in
the leg of her migration along the Borneo coast and the
trip back after the second displacement. In the latter
case, map-based pilotage can be excluded il we assume
that the turtle was in an unfamiliar arca. We do think it
possible that the turtle established her southern posi-
tion with respect to the nesting beach and then kept
a northern bearing with a compass mechanism. As the
selected direction was close to that of the straight coast
she might have switched to a landmark-based orienta-
tion. keeping the coast as a guiding line. Similar behav-
jour, which does not nccessarily imply a familiarity
with landmarks. is known in birds (Geyr von Schwep-
penburg 1963), which can rely for that on their excellent
visual sense. For turtles. the nature of the leading cues
deriving from the coast is not known with certainty, but
Timko and Kolz (1982), on the basis of their satelhte
tracking of a coastal trip of a loggerhcad turtle (Caretta
caretta), have proposed the role of a specific depth
contour in guiding the journcy.

The trips in open scas are noteworthy for their
straightness and seem to involve the usc of complex
mechanisms. As in the case of the green turtle reported
by Papi et al. (1993), long legs of the trips recorded in
open seas are straight, with a roughly constant heading
and speed during both night and day. One explanation
that springs to mind is that a piloting mechanism could
be effective in dirccting the turtles even in open scas.
This idea seems Lo be supported by the fact that part of
the trips of turtles A and B coincided very closely. as if
there were a "turtle highway™ in the open sca (Fig. 1). In
our case, this coincidence occurs over shallow waters
where the shoal features might provide guiding sea-
marks, but Balazs (1994) and Balazs et al. (1994) have
reported similar cases over the deep waters between
Fijt and Samoa and round the Hawaiian Archipelago.
Morcover, straight courses are also held by turtles
A and B in the last part of their trips when, having
crossed the escarpment of the continental shell at about
O E, they swam in deep waters,

Another mechanism 1o be considered is vectorial
navigation. Turtles might rely on a spatio-temporal
programme of migration bascd on their previous cx-
perience. It 15 however doubtful whether mformation
on the target’s direction and distance alone might be
effective in leading turtles home. This would involve the
usc of a compass mechanism (see later) and expose
long-distance navigators to harmful deflections from
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the right course, due both to inaccuracy of the biolo-
gical steering mechanism and current drift. While the
first factor is not assessable, we have tried to estimate
the influence of the local currents on the turtles’ courses
by relying on ship drift data (Richardson 1989) on the
mean monthly parameters of the currents. However,
the currents in the area vary substantially both in time

as shown by the monthly means — and in space, as
they largely depend on wind patterns. It therefore ap-
pears to be improbable that the current drift can be
compensated by programmed deflection of the heading
from the target’s bee-line direction. as migratory birds
successfully do when facing constant winds (Williams
and Williams 1990).

Considering the weakness of the hypotheses discussed
above, we can conclude that green turtles probably rely
on a mechanism of true navigation, ie. that they use
local cues to calculate goal dircction, which is then
selected by means of a compass-like physiological
mechanism. This idea, which is in agreement with the
findings of Papi et al. (1995), is also supported by the
results of our displacement experiments. The quick
return home of turtle A after the second displacement is
very impressive, although perhaps lacilitated by the
direction of the coast. Displacement experiments, made
with animals caught at home or during migration are
crucial in testing the idea of a true navigation ability.
So far, however, only a lew other attempts on this line
have been made with sea turtles (Baldwin 1972; Carr
1972; Ireland 1980), and the results have been quile
inconclusive, either because of the short displacement
distance or the incompleteness of the tracking. Our
sccond experiment is the first that has demonstrated
homing ability with a straight course home in a turtle
displaced over a long distance.

Some considerations have to be devoted to the na-
ture of the compass and of the local cues that permit
position fixing. Satellite tracking at night shows that
the course is held with unchanged accuracy with re-
spect to daytime even on moonless nights. Since sea
turtle eves are very myopic out ol the water and are
therefore unable 1o see the stars (Ehrenfeld and Koch
1967). a physiological mechanism based on sensitivity
to the earth’s magnetic field 15 the only compass
—among those known in animals — which could then be
utilised in the absence of moon or sun. This 1$ consis-
tent with the recent results obtained in laboratory ex-
periments with hatchlings of two sea turtle species
(Lohmann 1991; Lohmann and Lohmann 1993}

True navigation can be based either on a mosaic of
local cues or on a grid of physical or chemical gradi-
ents, but we are unable to solve even this first dilemma.
The ability to pinpoint a distant target through a long
trip in deep. open seas scems 1o support the grid rather
than the mosaic hypothesis. It is worth recalling here
that in the case of the green turtles migrating from the
Brazilian coasts to Ascension Island it has been sug-
gested that an odorous gradient originating from the
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target can act as a guide (Koch et al. 1969: Carr 1972).
Contrary evidence. however. is provided by a study of
the relevant features of the South Atlantic equatorial
current (Brown 1990) and also the straightness of the
green turtle migratory routes reconstructed by satellite
(Balazs 1994; Balazs ¢l al. 1994 Papret al. 1995; present
study) hardly agrees with a chemical mechanism for
long-distance orientation.

Lastly, it i1s worth mentioning the possibility that
turtles use low-Trequency sounds 1o orientate, as has
been proposed for birds (Yodlowski et al. 1977). Such
sounds also originate from wuves breaking on rocky
shores and propagate through the water for very long
distances, so that islands and headlands may acl as
beacons. So far there are no indications about which
parameters of such acoustic stimuli could actually he
perceived by turtles, so providing them with useful
navigational information, Experimental rescarch on
turtle navigation is only just beginning, and detailed
testing of this idea can now be considered a Turther
important objective.
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