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ABSTRACT -

Nine juvenile loggerhead sea mrtles tracked durinyg
1997 and 1998 in the central North Pacific by sarellite
telemetry all eravelled westward, against prevailing
currents, along two conversgent fronts idencified by
satellite remotely sensed data on sea surface tempera-
ture (55T}, chlorephyll and geastrophic cuments
These fronts are characrerized by gradients in sea
surface height that produce an eastward geostrophic
current, with gradients in surface chlorophyll and
SST. Six of the wurtles were associgted with a fronc
characrerized by 17°C SST, surface chlorophyll of
about 0.2 mg m~, and eastward geastrophic current of
about 4 em 57, while the ather three turtles were as-
saciated with a front with 20°C SST, surface chlor-
phyll of about 0.1 mg m™, and eastward geostrophic
fow of about 7 em 5. These resules appear to explain
why incidental catch rates of lopgerheads in the Ha-
wail longline fishery are highest when Eoar is ser ac
17°C and 20°C, SST. Further, from the seasonal dis-
tribution of longline effort relative to these frents, it
appears that the surface longline fishing ground lies
largely between these two fronts during the first
quarter and well w the south of the 17°C fronc, but
including the 20°C front, in the second quarter. These
findings suggest seasonal or area closures of the leng-
line fishery that could be tested to reduce incidental
catches of logperheads, Finally, these results illustrate
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the insights which can be achisved by enmbining data
an movement of pelagic animals with concurrent re-
mately sensed environmental dara.

Key words: Caretta caretta, central Morth Pacific,
loggerhead rurtles, longline fishery, satellite remore
sensing, subtropical frone

INTRODUCTION

Loggerhead sea urtles (Carenta covetta) travel across
the Pacific between their nesting beaches in Japan
and Auwstralia and their foraging habitat in the
eastern Pacific. Large aggrepations of juvenile log-
gecheads have been found off Baja Californiz feeding
on @ pelagic red crab found in association with the
coastal upwelling (Bowen eral, 1995). Genere
analyses of the loggertheads off Baja Californla con-
cluded thar 95% came from J|apanese nesting
beaches and 5% from nesting colonies in Austealia
(Bowen et al., 1995), The rmate these juveniles take
during this remarkable migration acress the Morth
Pacific, travelling almost eme-thied of the Wiy
around the earth, and how they fired food and avaid
predation in these typically unproductive oceanic
waters are ned fully resolved.

However, about a decade ago, the hypothesis was
developed that oceanic fronts provided nursery habirat
for juvenile turtles, based on a compilation of occa-
slonal but persistent observations of juvenile turtles
found in the middle of ocean gyres in the Atlantic and
Caribbean Oceans, far from land, together with an
understanding that convergent oceanic fronts could
provide forage habitar for juvenile wrtles (Care, 1987),
More recently, and in large part owing 1o significant
catches of juvenile loggerheads in fishing gear
from both the Atlantic and the Pacific, it has
been hypothesized that juvenile logpeshead turtles
(2-8 years old) inhabit mid-oceanic tegions far from
continental shelf environments and migrate with
predominant ocean gyres from west to east [Musick
and Limpus, 1997).

However, defining juvenile loggerhead distribution
based on incidental catches in fishing pear may ke a
biased sampling of their habitat because the fishing

il
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Figure 1. Schematic of the winter central North Pacific oceanography indicating the Subarctic and Subtropical Gyres and
Frontal Zomes, Armows show gyre roratlon; grey bax indicates the general reglon of the leggerhead turtle tracks in this study.
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gear s not tarpeting ourtles. In this paper we will
describe the cceanic habitat of juvenile loggerheads in
the central Morth Pacific and their movement relative
to this oceanic habitar with a combination of data.
The pesition and movement of nine loggerhead mrtles
are obtained from satellite telemesry; informarion on
the environment around the turtle positions is derived
from satellite remote sensing data. These data conaist
of sea surface temperature {SS5T), surface chiorophyll
density, and peostrophic currents.

The general tegion occupied by the wrtles in our
study is the central North Pacific covering a latitudinal
tand of abour 28°—40°N (Fig. 1). This region repre-
sents the Morth Pacific Transiton Zone (NFTZ),
comsisting of a broad, weak, eastward-flowing surface
current containing a series of fronts situated between
the Subtropical Gyre o the south and the Subarcric
Giyre to the north (Fig, 1) (Roden, 1950). During the
winter and spring, wesrerlies in the northern portion of
the NFTZ and trade winds o the south result in wind-
driven transport of suface warers, creating fronts as
colder (henee more dense) northern water converges
with warmer and lighter water from the south (Roden,
19‘51.'-'-3- N-m'th of HE.'I.'.-'E!II, Convergent fronts have been
ohserved during winter to persist ar abour 28°M, 31°M,
and 34°N laticude (Roden, 1980; Niiler and Reynolds,
1984). These fronts represent sharp boundaries in a
variety of physical parameters, including temperature,
salinity, chlorophyll, and sea surface height (geostrophic
flow) (Roden, 1980; Niiler and Reynolds, 1984).

Biologically, these convergent fronts appear o
represent ones of enhanced trophic rransfer (Olson
et al,, 1994; Bakun, 1996}, The dense, cooler, phyto-

plankton-rich water sinks below the warmer water,
creating a convergence of phytoplankton (Roden,
1980). Bucwant crganisms such as jellyfish, 3 common
food of loggerheads, as well as vertically swimming
zooplankton, can maintain their vertical position in
the weak downwelling and apgregate in the frone o
greze on the downwelled phytoplankeon (Olson ec al.,
1994; Bakun, 1998). The concentmtion of these
oTganisms, in wwem, attmcts the higher-ophic-level
predatars, and ultimately a complete pelagic food web

is sssembled (Olson o al., 1994).

DATA AND METHODS

[hta on the position of nine loggerhead turtles
released after being hooked in the swordfish fishery
north of Hawaii were provided from Argos-linked,
160 g, Telonics ST-10 transmicters attached o the
turtles with glass-fibre cloch and resin, hased on a
successful and frequently used methodology (Balazs
et al., 1996). Deployments were made by trained per-
sonnel of the Mational Marine Fishesies Service’s Ob-
server Program on commercial longline fishing vessels.
The rransmitters attached to the natles functioned
for durstions ranging from 2.2 to 6.9 months
{Table 1). Ressons that the transmissions ended arme
unknown but could include failure or detachment of
the transmitter, death of the turtle, or depletion of
bamery power (thoughe to be a frequent cause).
Hooking condition was clasified as: {1} lightly
hooked, if the wrtle was only externally tangled o
snagred in the fishing gear but did not swallow the
heok; or (1) deeply ingested, if the turtle swallowed

£ H000 Blackwell Science Lod., Fish, Ocemnogr., 9, T1-82,
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Table L Informeatien on nine loggerhesds deployed with transmimers 1997 and 1998,

Turtle Carapace

Deployment  Date of last  Deployment  Last posivion. Transmission Heoking  Distance
ID noe length (om] date rensmision  position recopdied time (montha)  stanss®  mravelled (km}
| G240 Felr 1557 bay 1997 IR 163 4°N, ITRE 310 LH AL
Fi 1.0 Felr 1997 bay 1997 M, L1 N, LR 3.0 LH Ll
3 6210 Mac 1997 Jul 1997 M, 194°% 3TH, ITE . 45 [ 340
4 BLO Apr 1997 Oy 1997 M, 15T 32°M, I63°E 5.9 I 5199
a8 450 Sep 1997 Mo 1997 PN, 1317W 49N, 1389 22 LH 1703
5 45.5 Jan 1904 Aug 1598 I, 1437 3TN, 162V 6.9 LH 36
] 480 Jan 19494 Jul 1958 M, T42™E 355N, 162 6 (1| EE
7 580 Feb: 1998 May 1995 0 o PO el A ¥ o S T e B i 1876
9 G100 Fel 15908 Apr 1998 ITH, 155™E  33°H, 1607 14 " 1442

*DI, deeply ingesting: LH, lightly heaked: see text for definitions.

the hook. Lightly hooked turtles were unhooked and
released, while deep Ingesting mutles were released
with the hook in the animal bur with the monofila-
ment leader cut close to the turile’s meouth, All nine
turtles were derermined, by miDMA analysis, to have
originated from nesting beaches in Japan (Durton
et al, in press).

The physical and biological environmeneal daea
that were used 1o describe the environment at and
around the migating loggerheads are sea surface
temperature (55T), surface chlorophyll a density, and
geostrophic cusrent. The 85T dara are multichannel
55T (MCSST) from the University of Miami, with
weekly temporal resolution and one-tenth of one
degree of longitude and laritude spatial resolution.
Global comparisons between MCSST and ship-based
temperature measurements indicated MCSST is 03—
0.4°C lower than ship-based temperature with cross
correlations ranging from +0.3 to +0.7 (McClain et al.,
1985). The chlorophyll density is estimated from two

satetlite sensors. For Janusry—TJune 1997 we use the
Ocean Color and Temperature Scanper (OCTS)
version 3 daca from the Japanese Adeos sarellice
{Shimada et al, 1998), while for September 1997
August 1998 we wse Sea-viewing Wide Field-of view
Sensor (SeaWiFS) vesion 2 data (O'Reilly et ol
1998). The data resolution is monthly ar 0.088 degree
of laticude and longitude. The accuracy of SeaWiFs
chlorophyll estimates &s within 30-50% of ship-based
observations (McClain et al., 1998}, Geastrophic cur-
rents &n: computed from satellite altimetry daca from
TOPEX Poseidon with 10-day and 0.5 degree of lari-
tude and lengitude resolution (Polovina et gl., 1999).
Comparisons between current speed determined from
an acoustic Doppler current profiler along TOPEX/
Poseidon track lines around the Hawsiian Archipelago
agreed with estimares from TOPEXPoseidon o
within a few em 5~ {Mitchum, 1996).

The environmental data are linked to the turtle’s
position by gratial interpolation of the environmental

Figure 2. Track lines of nine loggerhead turdes tracked during 1997 and 1998, Mumbers on track lines identify mrtle [0 nos in
Table 1 and sracking period in figure legend. 'S on each track indicates where mrde was peleased with transmimet,

Satellite fracking of nine tagged loggerhead sea turtles
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Figure 3. Frequency distribution of {a} 55T, (h) chloro-
phyll. and {c} geostraphic current speed averagped over all
turtles' posicions, for the warm (N = 211 abservations} and
cool [N = 676 chservarions) remperarure groups,
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data berween grid points. Specifically, a cubic paly-
nomial was wsed to estimate the environmental daca a

aned around all wertles’ locations from the observed
environmental grid. A compurer routine, ‘prdrack’,
within Generic Mapping Tools (GMT) was used for
the interpolation.

RESULTS

Tracks for all nine turtles over boch 1997 and 1998 are
shown in Fig. 1. They ranged from 26°N o 39N L.
itude and from 164°E co 131°W longitude but most
ohservations oceur between 30-35"M Latitude and 150—
180°W longitude (Fig. 2). A series of location aceuracy
classifications are asigned to the reported turtle posi-
tions by Argos, computed as a funcrion of the number
and configuration of satellires and number of trans-
missicns received for each position calculation. For the
set of all of cur loggerhead pesitions, we estimated the
discance between the reported and mue positions to be
less than 1 km for abour 37% of the positions, and ac
least 1 kin for 37% of the positions, but the accuracy of
the remaining 6% could not be determined. All posi-
tion data were used in subsequent analyses. The dates ef
the positions cover all months except July, August and
December, with most of the coverage from the perlod
February to June, While we do not know the exient of
mauma thar cuttles may mcur from the hocking, in
verms of time tracked and their speed, there does not
appear to be any difference in performance between the
two groups of turtles. For the five deeply ingesting
turtles, their mean tracking durarion was 4.5 months
{range: 1.4-6.4 months) compared to 4.6 months
irange: 1.2-8.9 months) for che four lighely hooked
turtles, Mean speeds for the two groups of turtles were
not statistically different ar 30 cm 57" (SE 0.03 cm 571)
and 35 cm 57" (SE 002 em s7') for the lightly hooked
and deeply ingesting groups, respectively (P = 0.05).
Further, two turtles (nos 5 and 6, Fig. 1), one deeply
ingesting and the other lightly hooled, were released
within a day of each other and exhibit nearly identical
tracks and speed over their entire 7-month cracking
period (Fig. 2).

A histogram of the frequency of SST for all wreles’
positions shows pronounced bimodality with modes at
170 and 20°C. The bimodal disteiburion arises
because some turtles amociate with the cooler tem-
perature and colleagues associate with the wammer
temperature, Specifically, one group (denoted as che
warm group) consisted of three turtles, two deeply
ingesting and one lightly hooked, all from 1997, which
conasrently cecupied warmer 55T, lower chlorophyll,
and stronger gecstiophic currents than the ather six
turtles (Fig. 3). The other six wrtles {(denored as the
cood group), three deeply ingesting and three lightly

£ 2000 Blackwell Science Lod., Fih, Oceanegr., 9, TI-B2.
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Flgn.t:-e 4. (2) Vertical tempersture and (b) chlorephyll
profiles measured from the Toumsend Cromwell research
cruise dong |36 longitude, 22-24 March 1997,
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hooked, two from 1997 and four from 1998, consis-
tently occupied relatively cooler warer with higher
chlorophyll and weaker geostrophic currents (Fig. 3,
The mean S5T, chiorophyll, and gemtrophic current
encountered by the two groups were statistically dife
ferent for all three parameters (SST, ¢hl P < 0.01,
current P < (.05). For the warm group the mean S5T,
chlorophyll, and gecstrophic current were 20.7°C
0.11 mg m™, and 6.7 cm 57, respectively, compared
with the means for the cool growp of 17.6°C,
022 mg m™, and 4.2 em s, respectively (Fig. 3).
The 55T encountered by the wrtles tightly elusters
around the modes for each group, 17°C and 2000
with very little overlap (Fig, 3).

Oceanographic cruises and satellite remare sensing
work recognize 20°C and 1790, SS5T isotherms as
indicators of two persistent fronts within the Sub

£ 2000 Blackwell Science Led, Fish, Oeearagr,, %, T1-47,

tropical Fromeal Zone (Fig. 1) in the central Morth
Pacific (Roden, 1991). For example, temperatpre-
depth profiles from a crulse in March 1997 along
136™W longitude, through the centre of the area oc-
cupied by the turtle tracks, show char 20°C and 1790
surface temperatures occur at 28° and 30.5°M latitude
as sharp remperature fronts formed when cocl, dense
water converges and sinks below warmer and lighter
water to the south (Fig. 4) (Roden, 1991). Coinci-
dentally, rurtle no. 3 was at the 17°C front at 30.5°N
and 156°W in March 1997 when the cruise srack in
Fig. 4 was conducted.

Seasomally, the 17°C and 20°C isocherins move
north and south over 10 degrees of laritude (Eoden,
I991). As the turtles ravel westward they also appear
o move north and south coherent with these jso-
therms. This coherence can be measured as the cor-
relation, over all rurtles' positions, berween the
latitude of the turtle and the latitude of the appeo-
preate {17°C or 20°C) isocherm ar the longitude of the
turtle. The temporal correlation between the latitude
of the six cool-group twuetles and the latirude of the
17*C isotherm & 0.71 (N = 676), while this comela-
tion for the latitude of the warm-group turtles and the
I0°C isotherm is 0.84 (W = 887).

While specific S5T levels can serve as indicators of
fromts, frones are primarily defined by horizonal gra-
dients. We will further examine the position and
movernent aof loggerheads with respecr to harizontal
gradients specifically in surface chlorophyll and sea
surface height. While horizontal gradients in SST are
also part of the fronts, the sparial resolution of eur
remately sensed 5T dara does not generally capture
sharp 55T gradients.

We will first look at horizontal gradients in surface
chlotephyll, which are particularly evident at the
cooler 17°C, S8T front (Fig. 4). Further, because most
of the horizontal structure in the central North Pacific
surface chlorophyll has primarily a meridional {north—
south) rather than sonal (east-west) gradient, we can
simplify the analyses by examining meridional gradi-
ents. Plots of chlorophyll north and south of each
rurtle’s position have been averaged over all positions
for all turtles in each group o provide a north-south
profile of the chlorophyll habitat encountered by these
turtles {Fig. 3). The murtle’s averape position lies along
a chlorophyll gradient or front which increases maost
sharply to the north, indicaring that the tetles ocoupy
its south side (Fig. 5). The averaging of the chioro-
phyll over all turtles’ positions and time smooths the
meridicnal strucoire of the chlorophyll front. For an
individual turtle from the cool group, we frequencly
see an even sharper increase in the monthly chioro-
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Flgure 5. Mean chlorophyll observed at all turtles' positioms
and one and two deprees north and south of thase positions
for {a) warm-groug uetdes and (b) eool-group urtles,
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phyll density to the morth of the mrtles posltion
(Fig. 6). The clese and continuous assoeiation be-
tween the latitude of the turtle and the front is shown
from their coherence over time (Fig. 6). For example,
in February the turde and the southem edpe of the
front are at sbour 33°N latitude; in March both have
moved about 200 km south to 31°N latitude; and then
by June Both ate more than 300 km o the north ar
34°N laticude (Fig. 6).

Another view of the association of lopgerheads with
the chloraphyll front is provided from their responise
ter the seasonal movement of the front. The 0.2 mg m™
chlorophiyll density level is used as an indicator of the
position of the chlotophyll front eccupied by the six
cool-group wrtles (Figs 5, 6). In 1998, between the
first and second quarters, the mean position of the
front appears to have shifted nosthward by abouw
770 km, while in 1997 i shifted only sbout 330 km
(Fig. 7). The two cool-group logperheads we tracked
in 1997 exhibited a largely westward movement along

the relatively stationary front, whereas the four cool-
group lopgerheads tracked in 1998 showed a consid-
erable northward movement, apparently in response m
the rapid northward movement of the front {Fig. 7).

The association of loggerheads with frones is also
seen when we examine horizontal pradients in sea
sutface: height. In particular, both fronts are charae-
terized by pecstrophic currents running from west o
east along the froneal edge. These currents are the
result of the drop in sea surface height across the fromr,
with high sea surface height on the southern side of
the convergence eaused by warm, less dense water and
low sea surface height on the north side owing 1o cool,
denser water. As turtles swim slong the front from east
o west, they swim directly apainst this weak peo-
strophic current. For all nine turtles, movement is
predominantly westward against a largely eastward
geostrophic fow (Fig, 8).

A map of geostrophic cutrents in mid-May 1997
shows geostrophic currents associated with frons and
eddies (Fig. 9). Two west-to-east-flowing currents are
seen beginning at about 36°N latioude and 180°W
longivude, with one continuing due east ar about 34°N
latitude while the other dips south reaching 28°-30°N
latitude at about 165°W longitude (Fig, 9). The track
lines of owo warm-group turtles over the period
March—July 1997 are superimposed with the FEd-
strophic currents for mid-May 1997 (Fig. 7). The
geostrophic currents do not vary appreciably over the
time pericd covered by the turtles” track lines: there-
fore, the 10-day current snapshot provides a good
estimate of the current over the entire period of the
tracks. The currents and wacks show that the two
turtles following the southern current penerally swam
directly againsc the wealk cutrent of up to 10 em s~ for
3 months (Fig. 9). Trarsmission from one of these
turthes ceased in July but the remaining one comtinued,
and its track line during July-Ocrober 1997 is supes-
imposed with the geostrophic currents estimated in
mid-September 1997 (Fig. 9). As this wrtle, which at
Bl cm carapace length was the largest of the nine
turcles and possibly sexually mature, continued wess-
ward past the dateline it encountered stronper currenes
of the Kuroshic Current Extension (Fig. 9). In the
presence of the stronger flow, it avoided swimming
directly against currents in excess of 25 cm 87! and
instead stayed to the edpe of the strong flow except o
crass it (Fig. 9).

Turtle speed and direction are computed from the
change berween estimated locations from each satel-
lite fix, generally at daily intervals. These estimares of
speed and direction assume the tumle moves in a
straight line at a constant rare between the two posi-

& 2000 Blackwell Science Ltd., Fish. Oceanapr., 9, 71-87.
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Figuee 6. Latitude of turtle 10 no. § in

{a} February, (b) March, {c} Apeil, and
{d} Jume 1998, topether with surface
ehlowophyll density serth and south of
the mean monthly mrde pesition.
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tions. We don't have any evidence thar the turtle
meanders widely between adjacent positions, but if
this were the case, the estimated speed would under-
estimate the true speed.

All the turtles travelled primarily westward with a
mean velocity of about 20 cm 57 (20 cm 57! 1o the
west, 0.7 km h™'} (Fig. 10). There was both north and
south movement, with & mean of shout 0 (Fig. 10).
Towal turtle  speed averaged about 33 cm 57!
(1.2 km h™") with speeds of 50-80 cm 5™ observed
bur not commen (Fig. 10). The pecatraphic curtents
they swam against averaged only about 5 em 57!, or
abour 1f7 of their speed.

The Hawaii-based longline sudface swordfish fishery
incidentally catches loggerhead, primarily during the
first and second quarters of the year. To discover how
tuch the fishery for swordfish overlaps with the same
fronts used by the loggerheads, we examined the SST
distribution of surface longline sets. The spatial dis-

02000 Blackwell Science Ld., Fish. Cevancgr., %, TE-81.
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tribution of surface longline sets in the Hawaii-based
fishery indicates that effort is distribured berween
175°W and 145°W longitude. During the first quarter,
the longline sets are largely berween the 17°C and
20°C, 35T fronts used by loggerheads (Fig. 11). Dur-
ing the second quarter, the fishery is well to the south
of the 17°C 55T front but overlapping the 20°C SST
front {Fig, 11). The fishery is tarpeting swordfish,
which are believed to be moving south through the
fronts, perhaps following squid, which constiute their
primary prey. The distribution of S5T occupied by the
loggerheads tracked during the first quarter of 1997
and 1998 shows a mean of 17°C but considerable
overlap with the SST occupied by the fishing fleet in
the northem portion of the fishing ground (Fig. 11),
While none of our racked rurtles moved along the
I0PC front through the fishing ground during the first
quarter, the position of the 20°C 85T isotherm in the
southern part of the fishing pround implies that log-
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gecheads following the 20°C frone will mave through
the southern portion of the fishing ground (Fig. 11). In
the second quarter, loggerheads following the 1720
front will likely be well north of the fishing ground,
but those following the 20°C frone will ke within the
fshing ground (Fig, 11).

DISCUSSION AND CONCLUSIONS

While earlier work has speculated thar fromts are
important habitat for juvenile logperheads (Caer,
1987), we provide evidence that describes the habitat
of loggerheads in the central Norch Pacific as being
strongly linked to fronts, In particular, theee of the
boggerheads were associated with a front characrerized
by 85T of about 20°C, an eastward peostraphic current
of about 7 em 57, and 0.1 mg ™ surface chlaraphyll.
The other six loggerheads were associated with a front
further to the nosth, with an SST of abour 170,
characterized as a sharp sudace chlorophyll frone with
@ mean of 0.2 mgm™ and 2 mean eastward geo-
strophic flow of 4 cm 57, The 17°C 55T front with its
sharp surface chlorophyll gradient would appear to be
an espectally productive site  for surface-feeding
arganisms based on a food chain driven by the high

L L

2EN

180w 14FW 0w

phytoplankton density converging from the north side
of the front.

Diiet studies of lopperheads add suppore ws our evi-
dence thar they are foraging at the convergent frons.
Stomach analyses from 55 loggerheads caught in the
high-seas drift net fishery in the central Narth Pacific
(Wetherall eral,, 1993) suggest that loggerheads are
opportunistic, omnivorous predators of the neuston
layer, both consuming floating prey and grazing on
frems attached to foating objects (Unpublished daa,
Honolulu Lab, NMPS). The most common floating
prey included the predatory gastropod Janshing sp. and
its prey, Vellela vellds (by the wind sailor), while
common prey items typically mssociated with floating
objects included gooseneck bamacles, Lepas sp. and
the pelagic cab Plenes cyanews, which ride on logs,
floats, and often V., vellels. The only eommon diet item
not found exclusively ar the surface was the het
Carmaria cithara. All these prey irems would likely be
concentrated at convergent fronts as a result of phys-
ical processes {convergence and weak downwelling)
misociated with the frons and would themselves find
prey at the front (Bakun, 1996).

While the use of fronts ss forage habitat has been
indicated for some tunas and billfishes, thers is con-

2 2N Blackwell Sclence Lid., Fish. Croeanogr,, 9, T1-82.



Figure 8. {a) Polar histogram of the direction of geostrophic
current &t all recorded positions of all nice oordes.
{b) Movemens direction at all recorded positions for the
nine mrthes,

{a} Current direotion

HORTH

siderable debate regarding the extent that frones are
used as migratory pathways (Olson et al., 1994). Our
results show that the westward movement of logger-
heads in the ceneral Morth Pacific occurs along fronts,
moving north and south to stay with a specific front.
Horkontal gradients in temperature, current, chloro-
phyll, and possibly prey abundance levels around the
fronts may provide cues that logperheads would use to
maintain their asociation with fronts.

The gecstrophic current estimared with TOFEXS
Poseidon is a clear indication of a front, but our esti-
mate, derived from the altimeter, of current velocities
encountered by the turtles is based on two conditions:
Brstly, that the sarellive-derived estimates of e
strophic current are accurate; and secondly, that other
components of the surface current, specifically wind-
driven surface (Ekman) transpore, are not significant.

© 2000 Blackwell Science Lad,, Fish. Creeanogr,, 9, TI-81.

Movement of byggerhend turddes along nceanic frones ™

While ground-truthing of TOPEX/Poseidon eurrenss
in the Subtropical Frontal Zone has not been con-
ducted, several comparisons between TOPEXPosel-
don estimates of geostrophic curtent and estimates
derived from at-sea sampling and drifrers find gocd
agteement in the western and central Morch Pacific
(Yu et al,, 1995; Mitchum, 1996). Begarding Ekman
transpoat, a study of the circulation wich satellice-
wacked drifters in the same region as eccupied by our
tracked loppecheads indicares that Blman ITANSPOAT i
menimal and in the same direction as gecstrophic
current, thus geostrophic current provides a pocd de-
seription of the surface circulation in this area (Miiler
and Reynolds, 1984), ﬁﬂ:iﬁcnll&r dUTIELg the winter,
surface drifters wavelled eastward at an average speed
of 3—4 em 57", with occasional speeds of 30 cm 5L
Further, the drifters travelled along the contours of sea
surface height, indicating that gecstrophic current is
the dominant compeonent of the sudace flow, and
hence, the estimates we derived from TOPEX Posei-
don satellite altimetry are consistent with those ob-
served from drifting buoys (Niiler and Feynaolds,
1984},

Hypotheses regarding migrations of juvenile log-
gerhesds in both the Atlantic and Pacific assume that
they travel with the prevailing currents, rather than
actively swimming against them (Bowen et al,, 1995;
Hays and Marsh, 1997; Musick and Limpus, 1997). In
contrast, all nine of our loggerheads, ranging in size
from 41.0 to 81.0 em carapace length, swam westward
along the northern side of the subtropical gyre agains
the prevailing currents and specifically against geo-
strophic currents at the edge of fronts. However, the
gecstrophic currents they opposed averaged only shout
17 of their swimming speed. Perhaps by swimming
int the weak current the loggerheads increased their
encounter tate of prey sufficlently o offier their
increased energy expenditure, It is intelguing thae all
the turtles’ movements are predominately westward.
Ar some point, these juvenile turtles will return to the
east. Two of the turtdes, nos 5 and &, began some
eastward movement In July and August, just before
their transmissions ended, suggesting an  eastward
movement during the second half of the year, How-
ever, theee other turtles, nos 3, 4 and 9, tracked during
the second half of the year, showed only westward
movement (Fig. 2, Table 1), Further tracking with
transmiteers that function longer to increase the
temporal coverage or initiating rracking in the westemn
Naorth Pacific will be necessary to understand logger-
head spatial and temporal patterns completely. The
turtles’ speed we estimated in this study, averaging
[.2 km 7!, is similar to that chserved in other lesa-
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Figure 9. (a) Tracks of movement of logpetheads ID nos 3 and 4 during March-July 1997, vogether with peostrophic currens
* during 15-25 May 1997, (b} Track of movement of loggerhead 1D no. 4 during August—-Crezober 1997, together with geostrophic
current during 11-21 Seprember 1997. Large circles and squares on the track lines indicate pesition of turdes during the same
10-day time period for which the grostrophic currents are caloulaced. Armows on mack lines show tustle movement direction.

(8} March-July, 19387

(b} Augusi-Oclober, 1967
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gerhead stedies (Byles and Dodd, 1989 Papt et al,
199 7).

Data on incidental carches of loggerheads in the
Hawaii-based longline fishery recorded by onboard
MNMES observers indicate that during the first quarter of
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the year, the highest capture rates occur at about 1750
55T whereas during the second quarter the highest
capture rates occur at abour 20°C SST (P. Klelber,
Honolulu Lab, NMFS, pems. eomm.). Qur findings
that loggerhead use the 17°C and 20°C $5T fronts,

© 2000 Blackwell Science Lud., Fish. Oceancgr,, 9, 71-B2.
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Figuré 10, Frequency distribution of turtles' movement in
{a) east-west direction, (b} north-south direcrion, and
{c) absalue= velocity,
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together with the gquarterly distribution of fishing
effort in the longline fishery, explain this partem.
Initially, these findings do not appesr to offer any
simple way to reduce overlap between the fishing
ground and nule habitat without closing a large
portion of the fishing ground. For example, in the
first quarter the spread of logperheads around their
two fronts at the north and south of the fishing
ground will likely cover the entire fishing ground,
making it impractical o restice the fishing ground
sufficiently away from the two frone. Likewise, in the
second quarter a large portion of the fishing ground
around the 20°C front would have to be closed 1o
reduce incidental catches at this front. However, data
from onboard ohservers indicate that intersction Fale,
turtles per longline set, is substanzially greater at

© 2000 Blackwell Science Lid., Fish Ceeamagr., 9, 71-82,

Figure 11. 55T distribution of Hawaii-based longline efforr
for swordhsh during (a) hrst quarer and (b} second quarters
of 1997 and 1998, together with the distribution of SST

pocupied by the loggerheads racked in che fishing prourds
during the same period.
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17°C, 85T dhan ar 20°C 85T (P. Kleiber, Honolulu
Lal:, NMFS, pers. comm.). This may indicate that a
higher density of loggerheads are found at the 17°C
front than at the 20°C front. If this is the case, then
incidental catches of logperheads in the longline
fishery may be reduced by keeping the fishery away
from the 17%C front. This could be achieved by an
aren closure based on 55T, because all longline boars
have temperature recorders. The approach would be to
prohibic fishing in water colder than 18°C or 18.5°C.
Alternatively, because the fishery and the 17°C front
overlap to a large extent only during the first quarter,
a closure of the fishery during some portion of the first
quarter would also separate the fishery and the front.

Finally, this study shows the power of combining
daa from instruments on snimals thar describe their
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movements together with remotely sensed environ-
mental data covering the repiom around the animal
during its movement to deseribe its habitar and its
movement relative to oceanic features,
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ABSTRACT

Sawllite telemerry from 26 lopperhead (Carettn
caretta) and 10 olive ridley {Lepidochelys olivacea) sea
turtles captured and released from pelagic longline
fishing gear provided information on the turtles’
position and movement in the ceneral Morth Pacihe.
These dawa together with environmental data from
satellite emobe sensing are wsed o descdbe the
oceanic habitar used by these wrtles. The resuls
tndicate that losgerheads travel westward, move sea-
sonally north and south primarily through the region
2840°M, and occupy sea surface temperatures (SST)
of 15-25°C. Their dive depth distribution indicated
thar they spend 40% of their time ar the surface and
0% of their time at depths <40 m. Loggetheads are
found in amociation with fronts, eddies, and peos-
trophic currents, Specifically, the Transition Zone
Chlorophyll Frant {TZCF) and the southern edge of
the Kuroshio Extension Current (KEC) appear to be
important forage and migration habitars for lopger-
heads. In contrast, olive ridleys were found primarily
south of loggerhead habitat in the region B-31°M
laticude, occupying warmer warer with S5Ts of 23—
28°C. They have a deeper dive partemn than logger-
heads, spending only 20% of their time ar the surface

*Cmvespondence. e-mail: jeffrey.polovina@noas.gov
Received 25 Febryary 2000

Bevised version accepted 31 December 2007
Wi

and 60 shallower than 40 m. However, the three
olive ridleys identified from genetics to be of western
Pacific origin spent some time msociated with major
ocean curtents, specifically the southern edge of the
KEC, the Morth Equametal Currene (MEC), and the
Equatorial Conmter Current (ECC), These hahitats
were not used by any olive ridleys of eastern Pacific
orlgin suggesting that olive ridleys from different
populations may occupy diffesent oceanic habitats,

Key words: loggerhead turile, olive ridley rurtle,
pelogic habitat, turtle mipration

INTRODUCTION

While it is known from incidental hookings by fishing
gear that loggerhead (Caretta coretta) and olive ridley
{Lepidochelys olvaces) sea mrdes occupy  oceanic
regions, far from coaseal habitats, their forage and
migration habitat in these oceanic regions have not
been well described. In the Pacific, loggerheads travel
between their nesting beaches in Japan and Auseralia
and foraging habitat in the eastern Pacific. Genetic
analyses of the loggerheads off Baja California con-
cluded thar 95% came from Japanese nesting beaches
and 5% from nesting eolonies in Australia {Bowen
et al., 1995), Data on the location and movement of
nine loggerhead turtles tracked during 1997-98 in the
central MNorth Pacific by satellite telemerry indicaned
that cceanic fronts, particularly the chlorophyll fron:
known as the Transition Zone Chlorophyll Front
(TZCEF), provided mid-oceanic forage and migration
habitar for juvenile loggerheads in the central Pacific
(Polovina et o, 2000, Z001).

Olive ridleys are regarded as the most abundant sea
turtles in the world with the largest nesting population
occurring in the Indian Ocean along the north-east
caast of India. The second largest nesting population is
located in the eastern Pacific, along the west coasts of
Mexico and Central America {MNational Marine Fish-
eries Service and US Fish and Wildlife Service, 1998).
Genetic analysls has shown thar olive ridleys from
bath western and eastern Pacific nesting populaticns

£ 2004 Blackeneell Publishing Ld.
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forage In the central MNorth Pacific {Dutton et al
1999),

During  1997-2001 observers on  Hawaii-based
longline fishing vessels attached Argos satellite-linked
transmitters to juvenile loggerhead and juvenile olive
ridley rurtles caught by longline gear, We investigared
the cceanic habitat and movements of thess two
species of turtles based on satellite elemetry of 26
loggerheads, including nine lopperheads used in
Polovina et al. (2000), and 10 olive ridleys topether
with information on thelr oceanic habirars obtained
from satellite remotely sensed and  ship-based
ccepnographic daga.

DATA AND METHODS

The Argos-linked Telonics (Mesa, AZ, LISa) ST-10
or ST-13 position transmitters were attached to 37
turtles. Additionally, owo loggethead and two olive
ridley turtles were instrumented with a Wildlife
Computer (Redmond, WA, USA) Argos-linked
satellite transmitcer with dive recorder capabilities
(SDR-T10). This trancmlitrer provides, in addition o
position data, three frequency distributions for each of
four 6-h time periods. Owe frequency distribution
presents the distriburlon of time spent in each of 14
preset depth bins. The second frequency distribution
contaitg the distributlon of the duraton of each dive.
The third frequency distribution contains the distri-
bution of the maximum depth for each dive. The 6-h
periods were 21:00-03:00, 03:00-09:00, 09:00-15:00,
and 15:00-21:00 hours, Hawaii standard time. The
lower range of the depth bins (in meters) were: 1, 3,5,
10, 15, 15, 35, 50, 60, 75, 100, 125, 150, 150+. Per-
sonmel of the Mational Marine Flsheries Service's
Observer Program atrached transmitters to the turthes
onboard commercial fishing vessels. They used fiber-
glass cloth and resin to attach the transmitter as
recommended by Balazs et al. (1996).

The Arges rtransmissions ranged from 3 o
458 days and spanned the time period from Jamuary
1997 to August 2001 for a rotal of 2470 transmission-
days. Transmicters had 3 dury cycles, 1) 2 hoon, 4 h off,
it} 12 hoon, 48 h off, ili) 24 h on,216 hoff. The reasons
the transmissions ended are not known but they could
have been caused by failure or detachment of the
transmitter, depletion of battery power, or the death of
a turtle. All loggerheads wsed in this stedy were
determined by genetie analysis o have come from
Japanese nesting beaches. Genetic analyses of nine of
the tracked olive ridleys showed that six (6T%) came
from eastern Pacific nesting beaches and the remain-
ing three came from the western Pacific. Three of the

© 2004 Blackwell Publishing Led, Fish, Ocennogr., 13:1, 36-51.

loggerheads [83, 8% and 81 em straight carapace
length (SCLJ] and two of the olive tidleys (66 and
61 em 3CL) may have been large enough, based on
their carapace lengths, to be sexually manme; however,
all the other turtles were likely immature.

The physical and biological environmental data
usedd to describe the environment at and around the
migrating loggerheads and olive ridleys are sea sudface
temperature {SST), surface chlorophyll a concentra-
tion, and geostrophic current. The SST data were
multichannel 85T (MCSST) from the University of
Miami, with weekly temporal resolution and one-
tenth of one degree of longitude and Latirude gpatial
resolution. Global comparisons between MOSST and
ship-based temperature measurements indicated thar
MCSST is 0.3-0.4°C lower than ship-hased tempera-
ture with cross-comrelations ranging from +0.3 o +0.7
(McClain et al., 1985), Chloraphyll 2 concentration
was estimated from the Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) vemsion 2 dam (O Reilly
et al., 1996). The data resolution was monchly, Sep-
tember 1997-August 2001, ar 0.088° latitude and
longicude. The accuracy of SeaVWiFS chlorophyll
estinates were within 30-50% of ship-based observa-
tions (McClain et al., 1998). Geostraphic currenes
were compated from satellite altimetry dara from
TOPEXPoseidon with 10-day and 0.5° latitude and
longitude resolution (Polovina et af., 1999). Compar-
Bons between current speed determined from an
acoustic Doppler current  profiler along TOPEX]
Foseidon track lines around the Hawaiian Archipelagn
agreed  with estimates from TOPEN/Poseidon to
within a few cm 5~ (Mitchum, 1996,

The environmental data were linked to the turtle's
position by spatial interpolation between grid poines.
Specifically, a cuble polynomial was used o estimate
the environmental data ar and around all turtle loca-
tions from the olserved environmental grid. A com-
puter routine, ‘grdirack,’ within the software package
Generic Mapping Tools (GMT) (hrpe/femt soest,
hawaii.edu) was used for the interpolation. Finally,
data on subsurface temperarure and chlorophyll in the
region oceupied by loggerhead and olive ridley turthes
were obtained from wo  shiphoard ceepnagraphic
Trarnsecs,

A series of location accuracy classifications was
assigned to the reported wortle positions by Argos, and
then computed as a function of the number and con-
figuration of satellices arw] number of rransmissions
received for each position caleulation. In our subse-
quent analyses, when there were multiple Argos
positions at different times of the day for the same
rurtle, we selected the most aceurate positice. If rwo
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Figure 2. (harterly latitude-frequency distributlons for loggerheads {dashed) and olive ridleys (solid), pooled for 1997-2001.
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range, 13-28°C during all quarcers, bur wichin tha
range they appeared to be found centered at 24 and
2T [Fig. 3}, Logperheads occupied cooler water and
covered a beoader 10°C 55T range, 15-25°C, ocou-
pying cooler temperatures in winter and spring and
warmer temperatuse in the summer (Fig. 3). Many of
the turtles remained in very narmow 55T ranges during
their entire transmission time, while others occupied
55Ts throughout the broader ranges shown for poaled
quarterly S5T—-frequency distributions.

& relationship between logperhead habicat and che
sharp gradient in surface chlorophyll, termed the
TZCF, has been observed (Polovina et al., 2000,
2001). The TZCF represents the boundary between
the stratified low surface chlorophyll (<015 mp m™)
waress of the Subtropical Gyre and the high surface
chlorophyll {>0.3 mg m™") vertically mixed warers in
the Transition Zone and Subarcric Gyre, A chloro-

€ 2004 Blackwel]l Publishing Led, Fésh, Oveenogr., 1321, 36-51

phyll bevel of 0.2 mg m™ was used ra locare this fea-
ture (Polovina et al., 2001). The relationship berween
the TZCF snd loggerheads is further examined here
with comparison between the quarcerly loggerhead
latitude—frequency distribution and the mean quar-
terly surface chloraphyll density by latitude, estimated
from SeaWiFS, pocled from 1997 et 2001, and aver-
aged over the reglon 160FE-140"% (Fig. 4). These
plots indicated that during all quarters a substantial
portion of the loggerhead distribution included the
TZCF a5 indicated by the sharp pradient in surface
chlorophyll centered on the mean 0.2 mg m™
iFig. 4). Further there was agreement between the
seasonal nosth—south movement of the region of sharp
chlotophyll gradient and the seasenal shift in the
lativudinal distribation of the loggerhesd positions.
However, & substanclal portion of the laditude—
frequency distribution was locared south of the TZ2CF
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Figure 4. Cuarterly latinude-frequency distriburioms for loggerheads (solid) and surface chiorophyll densicy from SeaWiFS by
brinde averaged over 1997-2001 and berween 160°F and 140°W longioude (dashed).
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depth bin was 150 m, it is not knoamn how deep the
turthes dove below 150 m.

The Wildlife Computer dive depth transmirrers did
not recond temperature; however, temperature and
chlorophyll profiles 2 a fmction of depch were
available from two oceanographic surveys. One survey
in April 1998 provided a meridional depth secrion
notth of Hawaii, covering 25-34°N laritude, the
region of loggerhead habitat, and reaching the TZCF
at 32°N latitude (Fig. 6). The second survey in April
2001 provided a depth section south of Hawail from 10
to Z2°N latitude, including much of the region of olive
ridley habitar and reaching the Worth Eguatorial
Cutrent (NEC) at abour 10°N (Fig. 6). The tem-
perature-depth profiles indicated imporeant differences
between the thermal structure in the loggerhead and
the alive ridley habitas. The olive ridley habitat was
characterized by a deep thermocline at 100 m and
minimal horizontal surface temperature frontes (Fig. 6).
[n contrast, the logperhead hakitat was charactertzed

D 104 Blackwell Publishing Led, Fish, Ovemngr., 13:1, 38-51,
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by a shallow thermocline at 50 m and several strong
horzental surface tempesature fronts at 20 and 17°0
located at 28 and 32°N, respectively (Fig. 6). Similar
depth differences in the chlarophyll-depth profiles
were also observed, with the subsurface chlorophyll
maximum above 100 m in the loggerhead habitat and
reaching the surface at 33°N when it became the
TZCF, a key feature for loggerhead habitat (Fig. 6). In
the region of olive ridley habitat between 17 and 22°N
latitude, the chlorophyll maximum was deeper than
[ m, aldhough it shoaled o the surface ar 10PN
Latitucle at the northern edge of the NEC (Fig. 6).
Among the 26 loggerheads and 10 olive ridleys, one
loggerhead and one olive ridley were remarkable in
having transmitters thar worked much longer chan
those of all the other turtles in their groups and hence
provided cur longest movement data, The loggerhead
(600 em SCLY waveled over 9000 km  during
458 days, more than twice the distance of any
ather loggerhead, and the olive ridley {52.0 cm SCL)
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Figure 6. Temperature depth and chlorophyll depth plots for (8) olive ridiey habitar {10-22°N latitude, April 21-30, 2001),
ard (b} loggerhead habitar {25-34°N lacivde, April 2d-May 1, 1998).
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meanders and eddies represent regions of enhanced
sutface chlorophyll as seen from surface chlarophyll
estimated from SeaWiFS data for February 2001
{Fig. 9). The two cyclonic eddies at 165 and 150°F
and the meander at 170°E scen in the altimetry data
for February 12-12 are regions of enhanced surface
chlorophyll (Fig. 9). The loggerhead remained for
3 manths along the edge of the meander and eddy ot
170°E which represents surface convergence sones and
a likely sive of concentrated prey for the logperhead
{Figs & and 9).

The olive ridley traveling the longest distance was
identified as having hatched on a western Pacific
nesting beach, This turtde abso went westward from
Hawaii well past the dateline and shawed some north-
south movement as well (Fig. 7). As it headed west-
ward, this turtle dipped sowth in December and
Jammary and for 20 days ode westward on the NEC
(Fig. 10). While in the NEC it rraveled westward at an

i 2004 Blackwell Publshing Lid, Fish. Ocpanagr,, 1351, 36-51.

average speed of Tl ems™ (SE 12 e g™, N = 1)
compared with an average speed of 48 cm 57! (SE
6 em s, N = 37) ouside the NEC. The speed of the
INEC at the daily positions of the olive ridley during its
40 days in the NEC, estimared from Topex/Possidon
satellice altimetry, was 32 ems™ (SE 3 cms™).
When the olive ridley was in the NEC it waveled ar
abour 71 em 57" and & the NEC taveled at anly
12 em 57, the turtde appeared to be actively swim-
ming and not just drifting as it rode the NEC,

This olive ridley is not the only one to use the
equatorial currents. A second olive ridley, the east-
ernimost track line in Fig. 1, used both the Equatorial
Counter Current (EOC) and the MEC. It rraveled
eastward along the eastward-flowing BOC in Septem-
ber and then north and westward during October and
MNovember in the MEC (Fig. 11). The two olive ridleys
that wsed the NEC and the BOC were identdfied from
genetic analysis to be of western Pacific origin, The
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Figure 8. Ceostrophic currents and sea surface Bseight estimated from Topex/Poseidon saellive altimesry together with the mack
lime and positions {dots) of the loggerhead turtle for (a) Febooary 12-22, (b} March 13 23, and (e} April 12-22, 2001, The
Kuroshio Extension Current is apparent & the strong eastward flow at 359M.
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Figure 10, Gecatrophic current along the Morth Bquatorial Current estimated from Topex/Poseidon satellive together with
olive ridley track line and pesivions (dots) for {8} December %1%, 1997, (b} December 19-29, 1997, {2} December 29, 1997-
January 8, 1998, and (A} January 8-18, 1998,
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seasth (Polovina et al,, 2000). Loggerheads also ocoupy
the region just south of the TZCF in considerable
ahundance, and this is also consistent with earlier
work indicaring that another convergent front south of
the TZCF, without a surface chlomphyll signature, was
alsa habitar for loggerheads {Polovina ec al., 20000,
All the fromts in this region, including the TACF, have
epoler, denser warer at the northern edge and warmer,
lighter water on the southern edge, resulting in a
pradient in 55H that generates a weak eastward-
flowing geostrophic current which the lopgerheads
swim agninst a8 they travel wesoward. It has been
estimated chat the speed of the opposing cutrent ar
these fronts is about one-seventh of the lopgerhead's
mean swimming speed (Polovina e al., 2000).

The loggerhead's seasonal migration from about
"N in the winter, reaching 40°M in the summer,
amdd returning o 30PN latdoude by dhe next winter,
represents 2 round-trip movement of abowt 2000 km
and occwrs while the wriles are also  traveling
westward, This north—south seasonal movement s
also ohserved In the TZCF a5 well a5 in many
Transition Zone species inchading squid, albacore,
and pomfrec (Shimazaki and Maksmurs, 1951;
Murata, 1990; Polowina e al., 2001). While wwo of
our casternmost loggerheads traveled south-sase, all
the remaining 24 loggerheads waveled wesoward, No
loggerheads were ohbserved heading directly east.
Perhaps these rrdes sray in the western Pacific unril
they mature snd then nest in Japan. Alrernacively,
they may migrace castward again before they mature,
perhaps passing well north of Hawaii during che
summer when the Hawsii fishery is not longlining in
the area.

The southern edge of the KEC may be a very
important  forage  habitar for  orcles. While we
observed only one logeethead in this region, it
remained in the repton for & months, Several other
loggerheads were heading toward this region befare
tramsmissions ended. [n addition, the northernmest
olive ridley we observed spent 2.5 montha in this
reglon during June—August. As the chlotophyll data
suggest, this region may be productive because the
strong meanders from the KEC entrain deep cool,
productive waters tich in nutrients and possibly a
hiolagical communiry from the northern side of the
KEC into cyclonic eddies. The counter-clockwise
circulation of these eddies creares upwelling at the
cenrer and convergence at the edpe where the buoyant
prey of lﬂggcrh:m:ls would likely concentrare. Ohur
rracking dara show thar loggerheads occupy the edge
of these features for months Archival tagging of
juvenile blefin runas, which forage near the surface,

@ 2004 Blackwell Publishing Lid, Fish. Oegonpgr., 13:1, 36-31.

found that the southern edpe of the KEC centered at
about 33*MN latitcude between 140 and 150°E was an
important habitat of juvenile bluefin from December
thiough Jume {Inagake et al., 2001).

(Hive ridlevs inhabit toro different oceanic regions.
Most of the olive ridleys tracked remained in the center
of the Subrropical Gyre characterized by warmer more
vertically stratified water with a deeper thermocline
without scrong surface thermal and chlorophyll gradi-
ents. In this hakitat, they spend less time ar the surface
and have a deeper depth distribution dhan lopgerheads,
An analysis of stomach contents from eight olive rid-
leys caught In the Hawall-based longline fishery
indicates that while they do forage on some surface-
associared orpanisms including Jendthing sp. and cowfish
(Lactoria diaphana), their most common prey are py-
pacames  {Pyrosoma  aflantica) and salps (Salpideal,
which are found subsurface (unpublished data, Hono-
lulu Laborarory, NMES). Similar dietary preference has
been described for olive ndleys in the eastem tropical
Pacific {Kopitsky e al., in press). Thus the diet data,
while very limited, are consistent with our dive daea
sugpesting thar olive ridleys tend to forage deeper than
loggerheads. The amount of time alive ridleys spend at
27%C 55T reflects the fact that, south of Hawaii, the
distance between 35T izotherms is very wide and that
olive ridleys can move over a range of several degrees of
lacitude and zzill remain in 27%C 35T water. For
ﬂ;smph, the olive tidley shown in Fig. 7 spenc 90% of
its time at 27°C 35T although it moved through 57 of
latitude.

In addition to inhabiting stratified Subtropical
Civee warers, three olive ridleys oocupied a different
habitat consisting of major ceeanie cutrers. One
traveled along the socuthem edge of the EEC at the
north boundary of the Subrropical Gyre while two
aveled in the equatodal region south of the Sub-
tropical Gyre wing the NEC and ECC. In addition
to the strong peostrophic currents, the equatorial
region i$ also characrerized by wind-induced upwel-
ling and a shoaling of the thermocline, possibly
allowing the olive ridlevs to forage more shallowly
and in regions of sudface convergences. An obvious
achvantage of this habitar is the soong zonal currents,
which can provide substantial energetic advantages
to turthes traveling enst and wese. The olive rdley
that used the HEC o travel westward past the
dateline rode the current for 40 days, almosr doubling
s speed in the process, and then it departed the
current and headed narth, [t is interesting that while
i the MEC the wetle did not simply drift passively
but apparently swam, most likely to continually find
needed prey.
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boggerhead turtles (Corerta coretta) along cceanic fronts in Shimazaki, K. and Makamira, 5 (1981) Beological studies of

the central Moech Pacific, 1997-19%8, Fih, Ocpangr. the pomfret (Brama japonica) | The seascnal dismribusian
HT1-82 pattern and ecalopical considerations, Bas, Inst, Mosth Poc.

Folowing, .., Howell, B, Eobayashi, DLR. and Seki, M.P. Fish., Hokkeide Liniv,, Special voly %1103 (in Japancse
(20000 The Tremsitian Zone chlorwphyll ook, a dynamic with Erglish shsrract).

global feamure defining migration e forge habioar fos
wiarine vesources. Progr. Olecanogr. 49:469-483,

i 2004 Blackwell Publishing Ltd, Fish. Oceanogr., 1321, 36-51.
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Dive-depth distribution of
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and olive ridley (Lepidochelys olivacea)

sea turtles in the central North Pacific:

Might deep longline sets catch fewer turtles?
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The Hawali-based longline fishary nper-
ates over a large area in the central
Worth Pacifie, from the equaetar to Iat-
itude 45°N, betwesn longitades 1305W
and 180°W. In 2000, 125 vessals wore
active in the fishery, producing total
landings estimated at 24 million
pounds and exvessel (wholesale) reve-
nues of 350 million, The target species
ttelude bigeve tuna (Tharsus ehesas),
yellewlin tuna (T albacares), and alba-
core tuna (1) alefunga), and ewordfish
(Xiphizs gladius).

Caught incidentally with these target
species are leatherback (Dermockelys
coriacen ), loggerhend (Carretta corretta),
olive ridley (Lepidocielvs olfvocea), and
green (Chelonis mydas) sea turtles,

Over the period 1984-09, i was es-
timated that an annual average of 418
Iopgerhend, 112 leatherback, 146 clive
ridlay, sand 40 green sen burtles were
caught in the Hawsii-based longline
fiehery (MeCracken?),

Historically, the Hawail langline
fishery has sel longlines considerably
shallower than 100 m to target sword-
fish (Xiphias gladius) or substantially
deeper than 100 m to target bigeye
tuna, Incidental hookings of logger-
head turtles heve been reported im
the Hawnii Iongline fishery chsorver
data, which cover about 5% of the
total annusl offort, Analyses of these
data found that loggerhead turtles
were caught only when gear was sot
shallow enough fo targel swordfish,
primarily in the oorthern portion of
the fishing ground, No logrerhead sea
turtles were canght when longline gear
was gel deop to target bigeye tuna,
primarily in the southern portion of
the fishing ground. These anabyses sug-
gost that & ban of shallow sats in the
fishery since 1 April 2001 may reduce
future incidental cabches of loggerhead
sea turtles, However, analyses based
only on observer data suffer from the

limited chsarver coverage and the de-
pendenca between depth of setting and
aren fished. For ccample, swordfish are
targeted &t night in the north, whereas
tuna are targeted during the day in the
south. To better understand the depths
inhabited by sea turtles, we wsed div-
ing depth distributions collected from
satellite-linked dive recorders nttached
ta two loggerhead and two olive ridley
sen furtles coupght and rolessed in
the Hawsii-based longline fishery. Al-
though other sfudies on the dive depths
of olive ridley and loggerhead sea tur
Hes have been tonducted in the Pacific,
these have besn conducted witly sea
turtles in ecoastal arens rather than in
the pesanic central Pacific (Sakamota ot
al., 1093 Beavers nnd Cassano, 1905),

Materials and methods

We attached Wildlife Computer Argoe
patellite-linked depth recorders (SDE-
T10} to twe loggerhaad and two alive
ridley sea turtles thet had been caught
with commercial longline fizhing gear,
One loggerhead and one olive ridloy
wera hooked in the mooth and were
relensed after the hook and line had
been removed. The other loggerhead
and olive ridley sea turtle had deeply
ingested hooks, and for both of these
turtlez the fishing line was cuot elose
te the mouth bul the hook was not
remioved. Trained observers oo the
fishing wessel abloched transmitters
to the carapace of each of the four sea
turtles, using fberglass cloth steips
and polyester resin patterned after
the method presented in Balazs ot al,
(1996}, The ohservers noted that all
four sea turtles swam vigorously awny
after releasa,

! MeCracken, bl L. 2000, Estimatlon of
sod turtle take ond mortolity in the Ha-
waikan longlins fisheries.  Southwesd Fish,
Bel, Cent. Admin Rep, H-00-06. 20 p.
Southwest Fish. Si. Cant,, Henwlulu Lah,,
Muil, Mar Fish Sarv, NOAA, Honoluly,
HI DEEZE-2096.

Manuscript accrptod 20 September 200,
Fish. Ball. 10 (15185193 (2003,
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Tha start (5 amd snd (E} dobes and track lines for the o burtles with satallite-linked dive recordors.

Data an daily location of the toriles were estimated from
the signals received by the Argos receiver on a NOAA satel-
Lite. The position datn were edited, and only the single mast
accurate daily position was plotted. The accuracy of each
position was estimaled by Argos as a funetion of the number
and eonfiguration of satellites and the number of transmis.
siong received. Data on the dive behevior transmitted by
the Arges receiver were not individusl dive profiles but
rather frequency distributions of time at depth, dive du-
ration, and maximum dive depth, aggregated over four
G-hour periods and binned in specific depth or time inter
vals. The lower range of the depth bins {in meters) for the
time-at-depth distributions wera 1, 3, 5, 10, 15, 25, 35, 50,
40, 76, 100, 125, 150, 1504, Ench tima the turtle descended
below 2 m, it was recordod as g dive. The lower range of
the depth bins {in metars} for the dive-depth distributions
were 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 160, 150+.
The &-hour pericds over which the fime-at-depth and
dive-depth data were pooled were programed in Hawaii
standard time as 21000300, D300—0000, (900-1500, and
LE0-2100 h. Ona period was night, another mid-day; one
included dawn, the other dusk. Mean time-at-depth and
dive-depth distributions fov each turtle in sach of the four
time periods were computed as the average of all frequency
distributiona for each 6-hour perind. Moan time-nt-depth
and dive-depth distribution for the combined four time pe-
riods for each species were computed as the average of the
four mean time-at-depth and dive depth distributions for
each turtle, then averaged by species.

Finally, after every 20 fransmissions a specal status
message that contained technical data about the cperation
of the transmitter and the maximum dive dapth of that
day was transmitted. Both the lopgerhend and the olive
ridley ses furdles made some dives below 160 m; however,

the histagram data did net indieats hew much deaper than
160 m these animals dived. The maximum dives sent in
thie status messagas wore used to obtaln some data on the
deap dives.

Results

The positione of the four turtles showed that the turtles
ware occupying the characteristic habitats for each spe-
cins: the loggerhead san turtlas were found in the northern
pertion of the sublropical gyre, snd the olive ridley zam
tartles wers found farther south, well within the centar of
the subtropical gyre (Fig. 1), Loggerhead no. 24747, which
was relepsed with the hook removed. measured 83 cm
{straight carapace length (SCL)) and transmitted datn for
5.4 months. Loggerhesd ne. 22634, released with the hook
deeply ingested, mensured 61 em SCL and trunsmitted
data for 5.2 menths, ive ridley no. 22533, released with
the hook deeply ingested, measured 57 em SO and teane-
mitted data for 3.4 months, Mive ridley ne. 22532, which
wae released after a hook wae removed, messurad B8 cm
ECL and transmitted data for 0.8 months,

The time-at-dapth frequency distributions for day and
night perinds for each of ihe sea turtles showed consistent
diurnal and epecies differences in their dive-depth distri-
butions (Fig. 2). The turtles spont more time at the surface
during the day than at night and aleo dived desper during
the day (Fig. 21. We do not show the dive-depth distribu-
tion for the dawn and dusk periods, but these frequency
distributions fall between the distribubion for day and
night periods.

Becnuse it can often take ns long as 20 hours to com-
pletely set and refrieve a longline, we sxamined tHme-nt-
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depth and dive-dapth distributions pealed over the four 6-
hour time periods by species. The time-at-depth frequency
distribution showed that the loggerhend san turtles spent
about 20% of their time in the top meter and virtually all
their time shallower than 100 m {Fig, 3), We alzo examined
the frequency distribution of the maximom depth of each
dive and the deepest dive in a 24-hour pertod. The cumula-

tive distribution of meximum depth of each dive indicated
that mest dives were vary shallow: T0% of the dives wers
no deeper than B m (Fig, 31 The cumulative distribution of
the maximum dive depth achieved ovar a 24-hour period
indicated that for approximately 5% of the days, a dive
axeeaded 100 m(Fig. 3. Status messages reported that the
daepest daily dive recorded was 178 m.
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By comparison, the time-at-depth and mazimum depth-
frequency distributions of the two olive ridley sea turtles
showed considerably desper depth distributien (Fig. 3L
These sea turtles spent anly about 20% of their time in the
top meter and about 10% of their time deeper than 100 m
(Fig. 31 Their daily maximom depth exceeded 150 m st
leeet once in 20% of the days (Fig. 3). Status messages
reported that daily dives of 200 m eccurred—ons dive
recorded st 254 m.

Discussion

The loggerhead dive-depth distributions indicated that
these animals tended to remain at shallower depths than
that of 100 m. If shallow longline sats were replaced with
deep longline sets, the incidental takes of lopgerhend sea
turtles should be reduced substantially. Further even
though olive ridlay sea turtles dived deeper than logger.
head sea turtles, only about 10% of their time was spenl
decper than 100 m. Thevefore, their incidental catchas
should alss be substantially reduced with the eliming-

tion of shallow longline aets, However, when deap sels are
being made or retrieved or when current shear prevents
the gear from sinking to its expected dapth, hooks will be
preaent in relatively shallow depths and could result in
incidental eatches of turtles.

Results to date in the fishery confirm the reduction in
incidental catches of turtles that can be achieved from the
elimination of shallow sets. Beginning in April 2001, shal-
low sets were prohibited in the Hawaii-based langlina fish-
ery. Dutn from the onboard observers in the longline feet,
which now comprise 20% of the fishing effort, showed that
no leggerhead and only two olive ridley sen turtles were
canght from April through December 2001.

The relatively shallow dive-depth distribution for log-
gerhead sea turtles in the central Morth Pacific is consis-
tent with our understanding of their ecology; they forage
and migrata along convergent fronts where they encoun-
ter  shallow aggregation of forage (Polovina et al,, 2000).
Although oceanic loggerhond sea turtles have a shallower
dive behavior than that of olive ridley sen turtles, they
appear to dive deeper in oceanic habitat than loggerhead
eon furtles in coastal habitst. Por example, the dive dis-
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tribution of two loggerhesd sea turtles betwesn nesting
periods off Japan indicated that virtually all their dives
ware shallower than 30 m (Sakamoto et al., 1993} The
desper-dive distribution of olive ridley sea turtles is also
conzistent with their cceanic habitat, which is south of
the loggerhead habitat in the eentral portion of the sub-
tropical gyre. The oceancgraphy of this region is char-
acterized by o warm surfoce Inyer, a deep thermocline
depth, and an sbsence of strong horizontal temperatiure
grodients and physical or biolopical fromts, Tt is likely
that the deeper diving eeen in the olive rddley sea turtles
results from foraging at depths aseociated with the desp

seattering layer
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Modelling post-release mortality of loggerhead sea
turtles exposed to the Hawaii-based pelagic longline
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ABSTRACT: Loggerhead sea turlles Caretta caretls are an endangered species exposed to anthro-
poegenic hazards such as pelagic longline fisheries, Many loggerheads caught in these fisheries are
alive when released from the gear, but many probably die seon after becavse af hook injuries or line
entanglement, Robust estimates of post-release mortality are essentlal for stock assessment and
evaluating the benefit of releasing turfles caught alive in the gear, yet none are available [or any sea
turtle species, Here, the post-release mortality of 40 loggerheads caught in the Hawali-basad pelagle
longline fishery was investigated using satellite telematry deployed by a Mational Marine Fisheries
Service (NMPS) chserver program. We modelled time-to-failure of all transmitters ST TOnpara-
metric statistical modelling (Kaplan-bMeier-Turnbull, local regression) to derive survival and hazard
functions for light and deep hooked loggerheads. There was a significant difference between the
survival functions for light and deep hooked loggerheads within 00 d af releasze, but no dilference
between survival functions after this time, But satellite transmitters fail for many reasons (defacts,
batlery failure, transmitter detachment, turtle death), which resullts in a hazard function that eon-
founds these competing risks. Hanece we propose that it might not be poszible o infer true post-
release mortality based on satellite telemetry unless the cause of each transmitter failure is known,
which Is rarcly the case. We discuss other survey design and statistical modelling challenges involved
in the evaluation of post-releass mortality based on satellite telemetry.

KEY WORDS: Loggerhead sea turtles - Pelagic longlne fisherios - Satellite telematry - Post-release
mortality - Failure ime modelling - Competing risks .

Rizznlo ar repishlicstion not permdited withee! whithen comsant of the publisher

INTRODUCTION tien and exposure to coastal and pelagic fisherles
[Chaloupks 2003, Kamezaki et al. 2003) and perhaps
There is increasing global concern about the - direct harvesting of the Japanese stock [Gardner &
dental mortality of sea turtles caught in commercial Michols 2001}
fisherles (Hall et al. 2000). Some populations of logger- Most studies of fishery-related loggerhead mortality
head turile Caretfa caretta are in serious decline, oipe- have focused on estimates of pre-release maortality
cially in Pacific walers where there are 2 distinct {Poiner & Harris 1996, Cheng & Chen 1997, Julian &
genetic slocks {see Fig. 1), an Australian stock and a Beeson 1996, Laurent et al. 1998, Slater et al. 1998,
Japanese stock [Bowen et al. 1994, The decline of hath MecCracken 2000), which is usually attributable to
stocks has been attdbuted to several hazards, in- drowning (Work & Balazs 2002). Many sea turlles
cluding fox predation of eggs, nesting habitat destruc- caught in fishing gear are alive when released from

*Email: mochaleuphka@ug.edu.an £ Inter-Fescarch 2004 « www.int-ros, com
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Flgy. 1. Careits carerfa, Long-term trends in the female nesting
abumdance of the 2 Paclile leggerhead stocks. (4] Mumber of
temale nestars recorded for Austrabian stock loggerhsads at
the Heron Bland [(Chaloupka & Limpus 2001) and Mon Repes
ronkerles (Limpuos & Limpus 3003). (B) Numbar of femabe
baach of haukouts Tecordad {or Japanese stock
legpgarheads at the Hamouda rookery in the Tokushima
Prefecture (Ramezakl et al. 20603

the gear, but it §s assumed that meany will die any-
way beacause of injuries caused by the hooks or line
entanglement (Aguilar et al. 1995, Hall et al. 2000},
Howewer, very few studies have emplrically ad-
dressed the issue of post-release mortality for sea
furttes by monitoring the behavior and short-term
survival of sea turtles released alive from the flshing
gear (Parker et al. in press). Relable information on
post-release mortality could be useful for loggerhead
stock assessment and for evaluating the benefit of
releasing loggerheads caught allve in the lomgline
gaar (Chaloupka & Limpus 2002, Chaloupka 2003].
Satellite telemetry has been proposed as a ussaful
techiology for evaluating post-release mortality of sea
turtles {Balazs & PFooley 18894, Bjorndal et al 1999,
Parker et al. in press) and for other large and maobile
pelagic species such as billfish (Goodyear 2002, Graves
et al. 2002). Satellite tracking of individual logger-
heads in Morth Pacific waters has already proved use-

ful for investigating migratory pathways of mature
turtles (Sakamoto el al, 1997) and the post-release
dispersal and pelagic ecology of immatures caught in
longline gear {Polovina et al. 2003k,

In the present study satellite telometry was used bo
investigate the post-release mortality of loggerheads
caught in the Hawail-based pelagic longline fishery
that operated in the central Morth Pacifie between
1997 and 2000. All loggerheads caught in this fishery
ware from the Japanese genetie stock, as there is no
evidence of any Australian loggerheads [Dutton cof
al, 1887). More details on the Hawail-based longline
fishery can be found in Poloving et al. (2003a)

MATERIALS AND METHODS

Satellite transmitter deployment. Trained MNBFS
observers were randomly assigned aboard ca. 5% of
the Hawaii-based commercial longline fishing floet
feom 1997 to 2000 [Farker et &l in press), The ob-
servers retrieved 267 sea turtlesz captured on longline
gear, 168 of which were leggerheads and of this num-
ber, 2 were dead on refrieval from the gear. For each
trip, each obzerver was supplied with 1 or 2 zateliite
transmiliers lo altach lo any hard-shelled sea turtle
retrieved alive during their 2 to 6 wk observation
preriodl.

All burtles brought on board alive were scored by the
MNMFE observer as either (1) deep hooked, if the long-
line hook was present in the gaslrointesiinal tract
cawdal to the glotts, or (2] light hooked, if the hook was
lodged in the mouth or externally, or the turtle was
entangled in the line (see Work & Balazs 2002). 1f the
loggerhead was light hooked, then the study protocol
required the hook to be removed. If deep hooked then
the hook was left in place in accordance with veteri-
narlan recommendations [Balazs of al. 1985),

The observers allached Argos-linked satellite trans-
mitlars to 40 loggerheads that were released alive after
incidental capture by the longline gear (Parker et al.
in press). Transmilter assignment was based on the
Tollowing criters given iransmitter availability; (1) the
turtle was alive when retrieved, (2] the shell size was
big enough for transmitter attachment (=40 cm straight
carapace length, 50CL), and (3] the sea conditions and
wianlher (wind, min) wera suitable to allow attachment
using fiberglass strips and polyester resin as described
by Balazs ot al, (1996},

A total of 38 loggerheads were fitted with Telonics
ST-10 or ST-18 transmitlers, while a further 2 were
fitbed with Wildlife Computers satellite-linked depth
recorder (SDR-T10] wansmitters {see Polovina et al.
20H1Ee Tor more details), Bach loggerhead with a trans-
milter was then released alive by the observers shortly
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Table 1. Summary of the 40 transmitters deployed on the
4l loggerbend sea turtles released alive in the study and
arranged by hooking position and transmilter duty cycle

Hook position Transmittar duty cycle jonfall, in hj
& 1248 SDR B4S216 Total

Light a 1 1 z 13

Tigap 12 5 1 L 7

after attachment with no apparent slgns of morbidity.
In thiz study, 4 satellite transmiller duty cycles were
used: (1) 24 h, [2) 1248 h, (3) 247216 b, and (4} the
SDR transmitters. & 24/216 duty cyele moans that
transmission to the satellite network comprised a cycle
of 24 h on followed by 216 h {or 9 d) off. The longer
duty cycles were used in an attempt to conserve
battery power and extend the tracking period,

A summary of the 40 satellite transmitters arranged
by hooking position and transmitter duty cycle is given
in Table 1. The data set for all 40 transmitters is avail-
able on request from G, H, Balazs [NMFS, Honolulu,
Hawall). More details on the NMFS observer program
and deployment of these transmitters are given in
Parker el al. [in press) while Polovina et al, [2003b)
analyzed post-release movement patterns of some of
these loggerheads using satellite telemetry and remote
sensing data, Mote that Polovine ef al, (2003b) did not
address post-release mortality of any of the satellite-
tracked loggerheads in their study,

Statistical modelling approach. The satelite trans-
mission duration in days from release until all trans-
missions ceased was determined for each of the 40 log-
gerheads summarzed in Table 1. The tansmission
duration only reflects the time perfod unitil failure of
the transmitter and is thus not a direct measure of the
short-term survival duralicn of the tag-and-relsased
turtle. This is because satellite transmissions can coase
fer many ressons, such as transmitter loss dus to im-
proper attachment, transmitter defects, battery fail-
ures, and of course death of the turle carrying the
transmitter. Post-release loggerhead death could be
due to injuries sustained during capture in the longline
gear or due to natural mortality.

There are many compaeling risks that could lead to
transmiller [ailure so identifying cavse-specilic trans-
mizsion failure is extremely difficult, It alone inferdng
cause-specific loggerhead mortality, Chaloupka &
Musick (1997} discuss in more detail these sorls of
competing rsks in the context of tag loss from sea
turtle capture-mark-recapture studies while Goodyear
[20032) discusses similar issues in relation o billfish
tag-and-releaze studies,

Mot anly do these data confound cause-spectfic risks,
there are also significant data censoring Issues in-

volved such as left and right censoring and interval
censored data structures, Bight {or left) censored sur-
vival time data ocour when there are subjects in the
sample for which only an upper [or lower) bound on
the survival {transmitter failure time) time is known.
Fight censored data usually ocour because the stady
ends before all subjects in the sample fail or die. Laft
censored data can ocour when same subjects fail sson
after the study starts, but befors the first Hime that
an event such as death (ransmitter fallure] can be
recorded. Interval censored data ocour when there are
subjects in the sample for which it was only possible to
record a lower and an uppes bound (an interval) on the
survival time (transmitter failure time), These 3 data
siructures can be analysed in more detail as follows:

Right censoring: It is important o note that not &l
the data reflect an event time, which is the time poriod
in days until the known transmission failure. The orig-
Inal data set used by Parker et al. {in press) comprised
48 of the 40 transmitters used here, but 4 were ax-
cluded as they were still iransmiting at the time of the
analysls (~experiment-end). Excluding these dats is
unnecessary and could resull in biased survival func-
Hen estimates. The data are easily included by identi-
fying the transmission duration times for those 4 trans-
milters as right censered. In other words, the time
peried until failure would be af least as long as the time
estimated at the end of the experiment. Preliminary
analyses of the dats used right censoring of these 4
turtles but now all 40 transmitters have ceased fume-
tioning for varicus reasons. Therelore right censoring
is pot needed here, but is a potential feature of the
analysis undertaken in this study,

Lell consoring: It is important to note that 10 of the
40 iransmitters failed to produce any transmissions and
s0 were identifled as left censored observations here
to reflect that laflure occurred, for whalever reason,
sometime belween the time of release and the next
available time the transmitter could provide a trans-
mission to the Arges network. This is particularly
important if failure cccurred for a transmitier that was
programmed on a long cycle such as 24,216, since the
failure could have ccourred within the first 24 h after
release or perhaps for a5 long as 9 d after releasa,

We adopted & left censored scoring to reflect that
failure occurred before the first {ransmission to the
Argos network was possible (see Meeker & Escobar
1998 for more details on left censored mechanisms).
Farker et al. (in press) discarded these early failures,
bul we find this unnecessary and furthermere, it could
lead to bases in the survival functbons and o misunder-
standing of the underlying hazard or time-specific
mertality function, as it is also possible that the turtle
did in fact die soon after release fram the longline gear,
All we can determine is that there were a significant
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number of early failures between release [lime = 0
and first sucoess{ul transmission, but the cause for each
failure was unknown.

Interval censored data: Mot only could the data set
comprise both right and left censored data—it also
comprised variable interval data, which is a slgqnificant
complication, Left censoring is also a form of interval
tansoring but with the lower bound being zero. Recall
that the transmiszsion data set comprised 2 SDR trans-
mitiers and 38 ransmitters programmed with either a
A4, TH4E or 244216 duty oycle. The longer duty cycles
{12/48, 24/216) indicated that it was nol possible to
acquire daily fixes and that a rensmission signal was
ofily possible within a time window perhaps as long as
1 d apart, Henee transmitter durations derived from
the longer duty cycle satellite transmitters represent
interval censored data and few survival models exist
(monparamedric, semiparmametric or parametric) that are
capable of dealing with such data.

Therefore, this data set of 40 transmission fallure
times for 27 deep hooked and 13 light hooked logger-
heads now comprises lelt and interval censored data,
and erginally also comprised righl censored data,
Lawless (19682) provides a thorough discussion of cen-
sored data types and various appreaches for dealing
with such data in a statistical modelling framework.

We modelled the distributlon of the transmitter fall-
ure times for the deep and Ught hooked groups wsing
the extended and generallzed form of the non-
parametric Kaplan-Meler survival function estimator
developed by Turnbull {1976). The standard form of
the Kaplan-Meier estimator accounts only for right
censored data (see review in Lawless 1982). The
generalized Kaplan-MMeler-Turnmbull (KBT) estimator,
alzo known as the Peto-Turnbull estimator (bMeaker &
Ezcobar 1908), enabled wus to derive group-specific
survival fundlions from the failure times without
assumptions about the form of the andetlying hazard
function while accounting for left, rlght and interval
censored data.

The survival funclion here is the probability of the
Argos network, for any specified time § since post-
release, recording a signal from the transmitter at least
to time & All KMT survival functions were estimated
usitey the kaplanMeiericenson.. ) functon in SPLUS
(MathSoft 1999), which iz an extenslon of the % sta-
tistical language, Complementary log-log confidence
bands weare used to constrain the KMT surdval func-
tion estimates to the [0,1] interval. We then used
the KEMT estimaled group-specific transmilber survival
functions to infer group-specific post-release survival
for this sample of loggerheads.

It was not possible to use the standard GF family of
tests [Harmmington & Fleming 1982) of the difference
betwean the KMT survival functions because, &5 we

shall sea, the hazard functions are neither proportionsl
nar monotonie, but most probably of the bathiub type
(CGilaser 1980}, A bathtub hazard funcltion is a function
that refers to a broad class of U- or J-shaped hazard
funetions and is the term widely applied to such funec-
tions in the medical, rellability, engineering, actuarlal,
economic and ecological literature (Glaser 1980, Law-
leess 1963, Paranjpe & Rajarshi 1986, Mecker & Escobar
189948). Instead, we used visual examination of the KMT
survival functions and 95% complementary log-log
conlidence bands to evaluate any group-specific
survival function differemnoes,

The hazard function gives [or any specified titne ¢ Lhe
Instantaneous risk of failure at time t among transmit-
ters still operating at least untl] tme ¢ We used local
log-quadratic Hkelibhood regression smoothing (Loader
19949 of the transmitter failure times to derve prelimi-
nary estimates of the underlying group-specific hazard
rate functional form using the keefit)) library in B (Thaka
& Gienlleman 1996}, The hazard function reflects the
time-specific mortality or fallure rale of the transroit-
ters. This local regression smoothing approach cannot
fully account for the: interval and censored data struc-
tare, so @b is only useful for exploring the functional
fortn rather than deriving robust estlimates of the haz-
ard function, Moreover, while this i the largest data
seb of this type, it is nonetheless far too small for
altempting to derive robust estimetes of the hazard
function,

In deriving the KMT survival functions it was
pssumed that the censoring mechanism (left, right,
interval) is neninformative and not due to some char-
acteristic of a subset of transmitters or loggerhoads
(e Lawless 1982 for & discussion of this important
issue). This assumption can be tested using a multi-
nomial logit regression with the vector that identifies
the transmitter censoring type (0 = rght, 1 = actual
event, 2 = left and 3 = interval] as the response variable
i be conditioned on covariates such as duty-cycle, log-
gerhead size and tagging cohort year, Unfortunately,

the data set iz too small for rebust ovaluation of non-
informative censoring.

RESLULTS

All 40 loggerheads were probably immature and
ranged in carapace size from 41 to 83 cm SCL (median
=ige = 58 cm 5CL, interquartile range [#ee Cleveland
18903] = 53 to 65 cm]. All turlles wers smaller than the
knewn adult size for this stock (Hatase et al. 2002}, The
duration of satellite ransmissions for the 40 logger-
heads ranged from O to 597 d (median duration = 97 d,
intergquartile range 3 to -154 dj. Ddstance traveled
ranged from 0 to 1.3 864 kog, with a mean distance of ca,
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1311 kv [see Parker el al. in press, and Polovina et al,
20030 for details on estimating lecation and distance
travelled].

Recall that 27 of the 40 loggerheads were recorded
a5 deep hooked, while 13 were recorded as light
hooked. The expected KMT survival functions for
these 2 groups given the left and interval censoring are
shown in Fig. 2A with 05% complementary log-log
confidence bands, and then again in Fig, 2B without
the confidence bands to avoid visual clutter. There is
litile or no overlap between the 2 survival funcltions
(Fig. 2A) between ca. 60 and ) d of release from the
lengline gear. The conflidence bands are necessarily
broad because of the small sample size, but are
spggestive of a meaningful difference betwesn the 2
survival curves until around 90 to 100 4 post-release
(Fig. ZA).

The general behavior of the 2 functions is clearer
in Fig, 2B, where the deep hooked survival function
declines immediately following release. The light
hooked survival function declines after a shorl delay
and then mest rapldly after 80 d post-release, Median
transmitter fallure time for the deep hooked group was
ca. 30 d pest-release, while median transmitter failure
time for the light hooked group was ca. 100 d post-
releasa (Fig. 2B). The group-specific survival functions
converge by ca, 120 d post-release.

The survival functions for the 2 groups suggest very
different underlying hazard functions [(Fig. 2C), which
display distinct bathtub shapes [Glaser 1980, Paranjpe
& Rajarshi 19686) with a period of early failure followed
by & period of low mortality or failure and then fol-
lowed by an accelerating period of failure after at least
a coupla of months, The undetlying bathtub-type haz-
ard functions (U- or J-shaped functions) amd the fact
that they cross each other [Flg. 2C) are the reasons
why it was not possible to use the GP family of rank
testa (Harrington & Fleming 1962) to test for a differ-
ence bebweon the KMT survival functions in Flg. 24,

Thesa hazard functions were not well defined be-
cause of the small semple size and because only the
deep hooked twrtles had transmitters functioning
=200 d, The lenger-term hazard function for the deep
hooked group s dus to 3 loggerheads released
towards the end of the study, all with 12/48 duly cycle
transmitters altached, Therefore, litfle attention should
be given to the longer-term behavior of the deep
hooked function or to the variows intermediate bumps
in elther function, except for the distinct and temporary
rise: in the hazard or time-specific fallure rate [or the
deep hooked group around 50 d since release
(Fig. 2C). Whether this reflects an abrupt increass in
lime-specific mortality for the deep hooked logger-
heads or transmilter failure, due perhaps to battery
failure, is unknown.,

Recall that the study comprised the satellite trans-
mission durations for 40 transmitters deployed over 4
annual sampling cohorts and using 4 different trans-
mission duty cycles. A total of 21 transmitters wers
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programmmed with a 274 duty cycle and there were 2
SDR transmitters; 17 transmitters were programmed
with lenger duty cyeles comprising 11 on 24/216 and
& on 12/48. Furthermore, 8 transmitters were deployed
in 1997, 16 in 1998, 7 in 1999, and B in 2000, The satei-
lite transmitters programmed with the longer duty
cycles were deployed mainly toward the end of the
study, resulting in polential duty cycle-zampling
cobort confounding, It would be preferable to condi-
tion the group-specific survival functions on duty cycle
and saropling echort effects, bul this is not feasible
given the vary small sample size.

Monetheless, we can explore the main elfects of duty
cycle and sampling cohort on the survival functions for
the 40 satellite transmission durations. Fig. 34 shows
the duty cyce-specific survival functions with 95%
complementary log-log confidence bands included for
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Flg. 3 Caretta caretfa, Kaplan-Seier-Turnbull (KMMT) sur-
wival functions for the 40 satellite tracked deep and Light
hooked loggerheads. (A} Expected duty cycle-specific
survival [unclions for the 4 programmed duty cpcles, in-
cliding 85 % complementary log-log condidence intervals for
the 14 and 247216 cpcles, Confldence fatervals are not
includad for 12448 or SDE cycles due to very small sample
stzas and to avold visual elutter. (B} Expected year-specific

survival functbons for the 4 annuel sampling cohorts withont
conffdence nlervals

the 2/ and 247216 duty cycles that had reasonable
sample sizes, It would seem thet duty cycle has a sig-
nificant effect on the survival functions with the
longest cycle [24/216: median failure time ca. 30 d)
having significantly lower survival than the shorfest
cycle (24: median failure time ca. 60 d).

However, as already mentionad, the duty cycle and
sampling cohort effects are confounded. Flg. 38 shows
the sampling cohorl-specific survival funclions without
confidence bands to avold visual clutter, The 1999
sampling cohort is the lowest survival function simply
because there were no light hooked loggerheads in
that year, and there were a disproportionate number of
both 24/216 duty cycle transmitters deployed and loft
censored transmizsion durations recorded. Recall that
the survival function modelling here assumes that the
censoring mechanisms are nondnformative, but it
would seem that during 1998 this was probably nat a
valid assumpiion. This might alse be so for the 2000
sampling cohort when there was a dispropertionate
mumber of the interval censored durations, although
there was no apparent bias with respect to censor type
or whether the loggerhead was deep or light hooked.
Again, the sample size in this study is too small to draw
atromg inferences about differences belween trans-
mitber failure times.

DISCUSSION

The zatellite tracking of 40 loggerheads released
alive in the Hawaii-based longline fishery suggests
that there is a difference between the survival fune-
tions of iransmitters attached to deep and light booked
turtles. The difference in the survival funetions cocurs
within ca. 80 d of release, with no apparent difference
between survival functions after this time (Fig. 2B).
However, the survival function differences between
the 2 groups of tagged loggerheads (deep and light
hooked) 1= net a strong inference because of the small
sample size and the potential confounding of survey
sampling design involving the wse of different and
long-duration duty cycles [see Fig, 3AJL

Also, it 12 not clear whether it is possible to infer log-
gerhead post-release survival from the transmitter fail-
ure times wsed bo derive the survival functons. The
bathtub- or U-shape hazard functions (Flg. 2C) suggest
that transmitter failure was & complex function come-
prising several compeling risks or cause-specific [ail-
ures (see discussion of this important issue in Lawless
1882 or Chiang 1991). The high early failures milght
have resulted from transmitter loss due to various com-
ponent defects, improper attachment, or from early
post-release mortality (see also Goodyear 2002, Graves
et al. 2002 for similar comments regarding billfish tag-
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and-release studies). The early hazard or time-specifhc
mortality rabe is cerfainly much higher for the deep
hooked group during this perloed (Fig. 2C), but logger-
head mortality and transmitter failure cannot be disen.
tangled, so a reliable direct estimate of mortality for
efther group shortly after release is not possible,

Honetheless, the KMT estimate of the deep hooked
qraup failure rate during the fisst week after release
was ca. (.34 (85% complementary log-log confidence
interval: 0.22 to 0.45) while the light hooked group
estimate was ca, 0,08 (L0 to 0.21}, These KMT hazard
o time-specific failure rates confound transmitter fail-
ure rates and loggerhead mortality if in fact any mor-
tality did occur. Hence these estimates reflect at best
the upper bounds on the apparent level of loggerhead
moriality for the 2 groups shortly after release. These
estimates must be viewed with extreme caution as they
clearly reflect over-gstimated failure and hence mor-
tality probabilities attributable to capture in the long-
line gear. If all the transmitter failures during this
period were due solely to equipment failures or tag loss
then these estimates would nol reflect loggerhead
moftality in any way whalsoever,

The subsequent period of relatively constant time-
specific mortality or failure (Fig., 2C) could reflect
fewear fallures, either because the early defective trans-
mitters were already lost or that the lkellhood of &
turtle dying during this perod had decreasod: it is not
possible fo distinguish between these possibilities. The
later accelerating perled of time-specific failure or
mortality could reflect the increasing likelihood of
breakdown of the aging fransmitters, the increasing
likelihood of battery failure or the increasing likeli-
hood of natural mortality of the turtle,

I the expected group-specific hazard functions re-
fect loggerhead time-specific mortality then it might
b that deep hooked loggerheads wers far more likely
bo die during the first 50 o 60 d after release from the
longline gear than light hooked loggerheads, If the
deep hooked loggerheads survived this long, there
was apparently Little difference theyeafter between the
survival chances of deep or light hooked loggerheads
in this study, at keast until around 200 d post-release. (I
this was the case then future studies using satellite
telemeiry might consider & 60 o 90 d sampling period
as sufficient for eslimating short-term survival or time-
specific mortality for the released turtles. Battery
power would not be an lssue, and there would be no
need to use lomg duly cycles such as 247216, which
serve only to considerably complicate any post-release
survival sbady.

Using longer-term studias (>80 d) is not helpful, as
the longer the time period, the greater the likelihood of
confounding mortality risks, including the increasing
risks of natural mortality and equipment failure {(sees

also Goodyear 2002). OFf course, transmitter failure
during a short-term study does not ensure that it is pos-
sible to distinguish betwesn early equipment failure
[rom defects or mortality of the turtle from being
heoked. The only way to distinguish between fishary-
relaled loggerhead mertality and equipment failures,
or loss due to improper attachment, is to determine the
reason for each failure and to conduct a necropsy of all
turtles that died while carrying a transmitter (see Work
& Balazs 2002). Unfortunately, determining cause-
specific failure al sea is not feasible (the turtles are not
retrievable), although auxiliary information derived
from time-depth recorder transmitters or perhaps
pop-up tags could be useful here, This use of pop-up
gatellite tags was proposed by Graves et al. (2002) to
study the post-release survival of billfish caught in
recrentional fisheries,

Another important issue that should be considered in
future post-release survival studies concerns satellite
tag assignment to a particular turle retdeved alive
from the longline gear. The MMFS observers ware
trained in many study protocols incleding how to iden-
tify the speces of sea turtles retrieved from the long-
line gear, how to determine transmitter assignment
and how to attach the satellite transmitier, We assume
that there was no hias in the selection of a particular
loggerhead for iransmitter attachment because such
bias could have a profound effect on estimation of the
group-specific survival function. For instance, it is
azsumed that an observer did not assign transmitbers to
loggarheads that were thought likely to survive rather
than assigning one to a turile that was in poor condi-
tion when retrieved from the longline gear. This issus
must be vigorously reinforced in any observer training
program, just as it was in the present study,

Other major issues for consideration in future studies
Include issues such as whal constitutes sufficlent sam-
ple size and an appropriate experimental control for
evaluation of post-release survival, While this was the
largest date set of this type, comprising 40 satellite
transmitters and a substantial observer program, it was
nonetheless far too small to draw any strong inferences
(see also Goodyear 2002 for similar conclusions re-
garding hillfish tag-and-release studies). It is not
known what a suitable sample size would be. bul we
estimate in the hundreds, even for an exXperiment com-
prising few Ireatment effects and no spatial or indi-
vidual heterogeneity in turtle response to capture and
release. A suitable and logistically feasible control for
thiz type of quasi-experiment remains unclear,

Another important lssue o consider in future studies
is the potentially confounding problem of delayed or
stagipered entry into the study, since not all twrtles
were captured and relessed at the same time within
each of the 4 sampling vears, For instance, same turtles
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were caught and released in March, others in May,
athers in August, and 50 on, Mone of the transmitter
failure times were right censored, so this is not an ssue
here, Delayed entry designs can be addressed using
left truncation to account for varable entry time into
the study (see bMecker & Escobar 1998 for detailed dis-
cussien of this e, but should be avolided i§ possible.
This iz kecauwss such a study would involve an ex-
tremely complex and arbitrary censoring strategy pos-
sibly comprising left, rght and interval censoring, as
well as left truncation. Estimation of such a model
would not be simple, and complex censoring design
strategies seem pointless when it appears that the
cause-specific hazards cannot be disentangled,

Recently, Hays et al. (2003} reported that variows
fizheries around the world scosunt for an annsal maor-
tality probability of 031 for all sea turtle species
exposed to those fisheries, Hays et al. (2003] based this
estimate on satellite telemetry data. This study is prob-
lematie for many of the reasons discussed above for
derlving satellite telametry based mortality estimates.,
The Hays et al. (2003) study comprised no control, used
timcking data that extended for more than 1 yr and so
confounds natural mortality with any potential fishery-
inducad maortality, used transmitter failure as the basis
for asslgning a death to a partleular turtle, falled to
determine cause-gpecitic fallure for all transmitter fall-
ures and assumed all failures were doe to turtle dealk,
eonfounded duly cycle, transmitter types and ressarch
group maethodolegies, filed to use the fransmission
duration data to derive hazard functions, and used an
extremnely small sample size comprising 50 turtles from
3 zpecies across all ocean basinsg with only 3 known
deaths and 2o on. Henee the global annual mortality
probability estimate of 0,31 of all sea urtle species
wiposed to fisheries that was proposed by Hays et al
(2013} iz highly questicnable at best.

Reliable estimates of patural and anthropogenic
sources of mortalily are known to be important for
modalling the population or metapopulation dynamics
of sea turtle stocks exposed to wvarious hazards
{Chaloupka 2002, 2003, 2004}, While reliable estimates
of natural mortality are becoming increasingly avail-
able for sea turile populations [(Chaloupka & Limpus
2002, Bjorndal et al. 2003, Seminoff et al. 2003), this is
net the case for estimates of lishery-induced mortality.
Satellite telemetry may be one useful approach for
redressing  this deficlency, but there are many
challenges facing the use of this technology for robust
evalnation of post-release survival of loggerhead sea
turtles.
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THE POST-NESTING LONG RANGE MIGRATION OF THE GREEN TURTLES
THAT NEST AT WAN-AN ISLAND, PENGHU ARCHIPELAGO, TAIWAN

Cheng, I-Jiunn' and G.11. Balazs

"Institute of Marine Biology, Mational Taiwan Ocean University, Keelung, Tabwan 202-24, B0,
*NOAA, NMFS, Sonthwest Fisheries Science Cir., Honolulu Laboratory, 2570 Dole St., Honolalu,  HI,
O2RG6-2306, 115 A

Wan-An lsland, PengHu Archipelapo is one of the remaining green forle nesting sites in Tarwan. The nesting beaches
have been designated as a sanctuary by the Council of Agriculture since December 1995 (Cheng, 1995; Council of
Agriculture, 1995). Nesting ecology has been studied exténsively (Chen a.nrl Eﬂleug, 1995). However, little is known
of e whereabouls of the nesting nartles while they are in the ocean. The purpose of this study was therefore to use

zatellite telemetry to determine the post-nesting migration roules and resident foraging areas of the Wan-An Island
nesting green turtkes,



e U5 Dep. Commer. NOAA Tech, Mema. NMF5-SEFSC-415 (1 99%)

MATERIAL AND METHODS

Seven adult female turiles were equipped with Arpos-linked satellite transmitters
the nesting seasons of 1994 thiough 1996, Twio models of PTT s {platform lerminal ransmitter) were used, ST-6 and
=T-14. Afler nesting or false-crawling, the turtles were captured before reaching the ocean and held in 2 rectangular

plywood “pen” in a natural prone position. The procedures for aftachment followed Balazs ef ol (1966). The dates of
caplure and rejease of the seven green turiles are listed in Table 1. .

(Telonics, Mesa, AZ, U.5.A) during

The repetition rate for both types of FTTs wis 5 seconds. The duty cycle of the ST-
The ST-6 FTTs were on constantly. The transmitted data were reccived and proc
completion of a migration was defined as a tagged turtle stayed in the last location
days.

14 was 3 hours on, 3 hours off.
essed by the Argos system. The
of the migration route for at Jeast 7

RESULTS AND DISCUSSION

FTTs Jasted from just over one month (Wan-As No. T) to 13.7 mooths (Wan-An No. 5) (Table 2). All but twro (Wan-An
Mos. 1 and 7) PTTs operated for more than 3 months mﬂwidm.mughlhﬂmﬁbnln reveal post-nesiing migrations.
The migration routes of the seven turtles are shown in Fig. 1. Four of
the others migrated 1o the southwes! of Wan-An Island, The migratin
2} 10 1954 km (Wan-An No. 6), znd the migration ptriods lasted from
The lurtles” estimated swimming speeds ranged from 1.1 10 2.4 kmy/h,

of travel are comparabie to those found in other studies. The fi
k.

the seven turtles migrated 1o the northeast and
i distances ranged from 317 knj {(Wan-An No.
# (Wan-An No. 4) 10 66 days (Wan-An No, 3
wilth a mean of 1.6 km/h {Table 3). These rates
nal lecations of the turtles are shown in Fig. 1 with a star

The results of the present study, which is the first to mvestipate the pn.wt-a.mlhrg:nigatiunsufmn turtles in northeast
Asia, supgest thal dispersal oecurs from Wan-An Island to various Jocations on the continental shelf to the east of
mainland China. Genetic analysis of mtDMA has shown that the Wan-An rookery is distine from other rockeries that
have been examined lo date in the Pacific, including Japan, Hawaii, and Australia (Dution, personal communication).
The present study demonstrated

clearly thal the green turtles that nest at Wan-An Island dre an internationally shared
rescurce. Because the turiles dispersed into the walers of Japan, Taiwan, mainland China and the Ryukyn Archipelagn,

! nghhe County. Thus, a regional
program and strategy for bong-term research and conservation of green turtles and their habitats, are urgently needed

1995). Such a program would necessarily involve intematicnal cooperation and
multinafional agrecments.
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Table 1. The date of capture, transmilter tagging and release of green turtle nesting at Wan-An
Island, PengHu Archipelago, Taiwan between 1994 and 1996.

Turtles MNo. 1 No, 2 Mo. 3 No. 4 No. 5 Mo, Mo. 7
FPT ST-6 ST-6 5T-14 5T-14 ST-14 5T-14 ST-14
Capfure date ;
year 1994 1994 1995 1905 1995 1996 1996
month/day 827 B/28 &4 8/6 B9 B/8 B9
tagped/release _ )
month/day 8/28 . 829 B/5 87 ~_B/10 89 . 810

Table 2. Duration of transmission of FTTs deployed on the green turtles nesting at Wan-An
Island, PengHu Archipelago, Taiwan between 1994 and 1996,

Turtles MNo. 1 MNo. 2 No. 3 No.4 -~ No.5 Mo, 6 No. 7
FFT S5T-6 5T-6 ST-14 ST-14 5T-14 5T-14 5T-14
year 1994 1994 1995 1995 1995 1996 1996

deployed
duration {dﬂjs_] G0 166 328 161 410 141 32

Table 3. The post-nesting m:gmtmn distance, duration and swimming speed of the green turtles
m:stmg al Wan-An Island, PengHu Archipelago, Taiwan between 1994 and 1996,

Tm-tlr.:s post-nesting tfﬂ'.t'-‘rlﬁil swimming
migration distance duration speed
(km) (days) (km/h)
Wan-An No. 1 , 1703 59 1.2
Wan-An No. 2 317 10 1.5
Wan-Ad No. 3 1756 66 1.1
Wan-An No. 4 305 9 1.4
Wan-An No, 5 028 16 24
Wan-An No. & 1954 41 1.9
Wan-An No. 7 562 15 1.6




"IM)aege v Ay Pazeusp sIe sjuted pus BUL "966T puR pgsT Usanlag
UesTel ‘oberedryogy nHbuss ‘puersr U¥=-Uel e pagsau jeys BBTI
=dN3 usslb ussps Jo Eajnog Uetyeahtm m.:ﬁwu:..um_um YL 'T eanbry

:.._ wﬁ i7! 5% £ il bl | 40 51 | £l
[ 1 i T 1 ] i i | augbdingd ;| | | J | I

[ v. O———[J ¢onmy-uey

&= - =@ 0O Iy
= §— =@ Iop Vg
B =@ FON U
FATITTrrs Sy DR e,
oo PO IR

— @ [ ON ey e
. @ * - \var
. . P ﬂm@ﬂ

q5¢

BUIYD (=
pueurely ]
-l 1g

] bzl LT gE! Frl ezl Bl AR i el il




P
e RTHOER,

N

NOAA Technical Memorandum NMFES-SEFSC-415

WATH L,
0 . o

PROCEEDINGS OF THE SEVENTEENTH
ANNUAL SEA TURTLE SYMPOSIUM

4-8 March 1997 .
Orlando, Florida U.S.A. _
Compilers:

Sheryan P. Epperly
Joanne Braun

“ 1. 5. DEPARTMENT OF COMMERCE
: William M. Daley, Secretary

- NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
: . - 10 James Baker, Administrator

NATIONAL MARINE FISHERIES SERVICE
Rolland A. Schmitten, Assistant Administrator for Fisheries

December 1998

Technical Memoranda are used for documentation and timely communication of preliminary
results, interim reports, or special-purpose information, and have not received complete
formal review, editorial control, or detailed editing.




166 U5, Dep. Commer. NOAA Tech. Memo. NMFS-SEFSC-415 (1998)

USE OF THE GENERIC MAPPING TOOLS PROGRAM TOPLOT ARGOS TRACKING
DATA FOR SEA TURTLES

m—

renise M. Ellis ' and George H. Balazs®

"Toint Institule for Marine and Almespheric Research, 2570 Dole Street, Honoluly, Hawai D6822:2396, U.S.A
“Mational Marine Fisheries Service, Southwest Fisheries Science Center, Honolulu Laboratory, 2570 Dole Strees,
Honolulo, HI 96522-2396, 11.5.4,

Satellite telemetry is vsed 10 track the movements of sea turlles and cther animals worldwide, COne

) challenge a
scientist faces is how

; 1o present the muunerical data received from transmitllers as a Eﬂlblicalitﬂl-qilalﬁj eraphic.
Fresented here i3 one way to convert tracking data info such a format using a powerful system called ihe Genesic
Mapping Tools (GMT) program, created by Paul Wessel and Walter H. F. Smith, Many GIS integrated sysizms,
such a3 Arpos’ ELSA, and ARC/ANFO or Maplnfo, are available, but cin range upwirds of 1554500 for the initial
purchase. High resolulion maps of locations worldwide can be created relatively easily using GMT, a free,
public-doimain collection of over 50 1ools that run on UNIX, an operating system similarto DOS (Wessel and Smith,
1991; Smith and Wessel, 1990). .GMT uses the WGS-84 ellipsoid as its defankt global projection and can be
customized wilh personal prefereaces through the gmidefaults file. More information about GMT can be obtained
over the Internet at: hitp:/farww soest. hawaii.cdufwessel/pmt. him] or by writing 100 GMT oo Paul Wessel, SOEST,
2525 Correa Road, Honolulu, Hawaii 96822 11.5.A, (Wessel and Smith, 1995),

The first step in making a map, such as shown in Fig. 1, 1% 1o create an execulable ASCH file containing all the
required command lines as follows: #1/bin/sh, where the pound sign (#) is vsed 10 "oomment oul” or exclude from
execulion that particular line, and simply notes 'this is a shell script’ The line, FSF’.[LE_;-:ﬁIe:nam:}_pgl indicates
the PostScript file where the oulpul of all commands will be compiled. The map scale is created with:
SCALE=X/Yd, where X and Y are the number of centimeters per degree for the comesponding axis; here, both the
% and y-axes are 1.57 cm per degree. The line: gmiset DEGREE_FORMAT 3, sets the labeling so longinedes are

displayed as () to 130 and latitudes as 0 1o 90 degrees with the letters W, E, 5 and M appended as appropriate. Four
basic commands are then vsed 1o creale & map-as follows: ' :

1) psbasemap. This program creales a basic map frame for a selected area. A base map was created using the
command, -R17/{1922/-21/-13, where each number specifies a comer (W/E/S/N).  Map projection with the

. previously designated SCALE (20 available including Mercatos, Hammer, ¢ic.) was selected with the command,

~Jx3{SCALE}, where x specifies a linear projection. The position of the map was set at 2.5 cm from the 1eft margin
(-X2.5) and 3.8 cm from the bottom edge (-Y3.8). The tickmarks arid their labels are situated every 5 degrees on
the lefi and bottom of the frame by the comirdnd, <B5/SWeSn. For tick marks on the right and top of the frame, the
‘e’ and 'n" would be capitalized. The command, - K, allows you 1o append :tld_itiuniilbmﬁunqgmuﬁm;,mm-ipl file.
The line, = $PSFILE (or == $PSFILE), al the end of each command Tine sends thie resulis (o the named PSFILE.

2) pscoast. This program includes land and water masses on the basic map, Each mass can be shaded (0-255, where
0 is black and 255 is white), colored (red/green/blue, where 0-255 provides intensity ), or textured. The -G command
sets the ‘painting” for 'dry' areas with black as the default, -G155/240/90, colors land masses green. The -8 command
sels the ‘painting’ for "wet’ areas with white as the default, -S100/255/255 colors the water blue, GMT draws |
coasilines, rivers, and political boundaries with different commands. Coastlines were included as a black line with
a pen size of 3 with the command, - W30, There are five resolutions -y of which the intermediate resolotion
(-Di) thats plots polygons greater than 20 km2, is probably sufficient for most maps or high resolution (-Dh, features
= 1 km2) could be used. The -0 command overlays output from this command Tine omo the previous map. Mole
-R and -1 are nod appended as no chanpes were made.



Three black symbols were created by -5i.15, an inverted triang]
I, -550.13, a square with 5 side length of 0,13 e, and -Scll.15, a circle with 5 dizme
-J are nog appended and -0 indicates commands are overlaid,

e with a side length of E'-‘.If:
ferof 015 om. Again -R ang

4) pstext. This Program positions text such as |4 bels, titles, and other lext onto the map. Seven Felds of information
e needed to create he text: X, Y, size, angle, fmlnule_r.'jliff, and text. X and Y can be either longitnde, latiiude
data, or x, y values in e (position of text is relative (o map position). The 'foning field Contains the number for
A particular font, the default, 0, is Helvetica, The ‘justify’ field indicates the part of fext om the x, v

files can be included with the command line or az a‘separate file. The positioning for the hase map
fecond patext mchang:dmm{vﬂﬂ.ﬂ?.PMI-ﬁj Trom latitede, bongitude and the scaje was selat 1:1
Command line, 7.62 7.62 12001 25693, Placed "25693" a5 5 17 point, Helvetics string at ()
the lower left comer (1) of text 10.2 em from the lefi margin and 11.4 fronm the bottom
im:]pdad in the last command Vine, which indicaes the map is finished 1o GMT.

EXAMPLE OF A GMT COMMAND FILE

#lbin/sh
Pmm:&m_ﬁji.ps
=1.57/1.57d _
gmiset DEGREE_FORMAT 3 _
psbascriap -Emﬂgz.znzlf-n_-hﬁ{sc;uﬁj K25 -Y3.8-B5/SWeSn K > $PSFIT |
pecoest -R -Jx - 15524090 ~S100/255/255 “W3AAH0 -0 -K o SPSFILE ; 4
P 2692 96.dat -Ix -R -We/255/0/255 .00 K -2 $PSFILE pexy 2560496 dar 1 R -W6/255/50/501a .G
‘K > tPSIILE Psxy 23693 96.dat -Jx -R -Wélo -0 -K - >> $PSFILE L ; .
Psxy 25693 96.dat -Jx R -S5i0.15 -GD -0 K =i 2> SPSFILE psxy 25694 96.dat -Jx “R--8s0.13 :G0 .0 .k . =
PEXY 25692 96 dat - Jx -R -8¢0.15 -GO -0-K < >> $PSHILE i it -
pstext -R PTI192.24-214.13 3¢ -0 -K <<ENDi>> SPSFILE
191 400 -14.000 12001 Rose :
- 191,400 -14,30g 12001 Atoll
178500 -16.000 12002 Fiji Islands
187,000 -13.300 12001 W, Samoa
END

peext -ROIT.OM1.6 -1x1 -0 <<@ENDss $PSFILE
762 7.62 1200 1 25603 :

1625841200 1 25692
16225412001 25694
206224112001 MNiue

0.513.97 15 001 Pusl-nm[ug Migrations of Green Turiles from Rose Atoll, American Samoa 1o Fiji, 1995.04
@EMD '



168 U.S. Dep. Commer. NOAA Tech. Memo. NMFS-SEFSC-a15 (1ggp,
LITERATURE CITED

Smith, W.FH. and P. Wessel. 1990, Gridding wilh continuous curvature splines in fension. B
55203305

Wessel, P. and W.FH. Smith. 1991, Free software helps map and display data. EOS Trans. Amer. Geophys, 1),
F2:441, 445-446.

Wessel, F., apd W.E.H, Smith. 1995. The Generic Mapping Tools: GMT version 3, Technical Reference ang
Cookbiook. 100 pp.

Hasur
Alall

Miga
170"W

W, Samoa.
i

ais Pregram showing post-nesting
American Samoa to Fijl, 1695-26

r

g
175"W

28802

L
R
180°
migrations-of three green turthes from Aose Atoll

Fiji lslands

Y,
gt
© Figurs 1. Graphic praduced using the Generic Mapping Ta

15'S
20'8]



NOAA Technical Memorandum HMFS—S'EFSE—#IS

PROCEEDINGS OF THE SEVENTEENTH
ANNUAL SEA TURTLE SYMPOSIUM

4-8 March 1997
Orlando, Florida 1.5.A.

Compilers:

Sheryan P. Epperly
Joanne Braun

U. 5. DEPARTMENT OF COMMERCE
William M. Daley, Secretary

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
' - D. James Baker, Administrator

NATIONAL MARINE FISHERIES SERVICE
Rolland A. Schmitten, Assistant Administrator for Fisheries

December 1998

Technical Memoranda are used for documentation and timely communicy
results, interim reports, or special-purpose information, and
formal review, editorial control, or detailed editing,

tion of preliminary
have not received mmplﬂlll

il




&5

The International Workshop on the Management

of Marine Turtles: February 3-4, 1997, Kuta, Bali, Indonesia.

USE OF SATELLITE TELEMETRY TO DETERMINE THE MIGRATORY ROUTES AND
RESIDENT FORAGING HABITATS OF NESTING HAWKSBILL TURTLES: A CASE
STUDY IN THE HAWAITAN ISLANDS

‘George H. Balazs
‘Denise M. Ellis

JMWilliam . Gilmartin

Tawrence K. Katahira

'Wational Marine Fisheries Service, Southwest Fisheries Science

Center, Honolulu Laboratory, 2570 Dole Street, Honolulu, Hawaii
96822-2396 USA

*Joint Institute for Marine and Atmospheric Research

r 2570 Dole
Street, Honolulu, Hawadii 96822-2396 USA ;

*Hawaii Wildlife Fund, 55-472A Palekana Street, Laie, Hawaii
96762 USA

‘Hawaii Volcanoes National Park, P.O. Box 52, Hawaii Natiomal
Park, Hawaii 96718 USA

INTRODUCTICN

Few studies have been undertaken using satellite telemetry to

determine the post-nesting migrations of the hawksbill turtle;
Erstmochelys imbricata. Furthermore, except for the work

described herein, research involving the satellite tracking of
hawksbills has not been reported for the Pacific region (Balazs
et al. in press, Byles and Swimmer 1994, Groshens and Vaughn
1954) . '

Along with research to determine genetic identities, the use of
satellite telemetry holds great potential for answering critical
questions essential to the conservation. and management of !
hawkshills and other sea turtle populations worldwide. Where do
the adult turtles reside prior to and after their migrations to
breed at a particular location? What oceanic or coastal  routes
are taken when swimming between resident foraging pastures and
nesting beachea? Are these two discrete habitats,.and the
pathways connecting them, within the boundary of a single nation?

0Or do they inveolve multiple countries, thereby considerably

complicating management efforte? This paper describes how
satellite telemetry is being successfully utilized to address
these gquestions in the Hawaiian Islands. The methodology
employed is deemed entirely suitable for hawksbills nesting
elgewhere, including Cuba and the wider Caribbean. :



BACKGROUND

In the Hawaiian Islands the hawksbill, known ag honu‘ea, ig gz
Tare and endangered species (Balazs 1978, Balazs et al. 1952,
1954} . Probably not more than 30 females i ;

10 different beaches scattered along shorelines of the islands of
Hawaii, Maui, Molokai and oshu. Hawksbills are not known teo
reside or nest in. the distant Northwestern Hawaiian Iglands,
where green turtles, Chelonia mydas (honu

« Seasonally migrate g
breed from foraging pPastures throughout the

2400 km expanse of
the archipelago (Balazs 1876) .

Kamehame, a small remote beach at 19¢ B.B'N, 155° 28.2'y on the
#outheastern coast of the ialand of Hawaii, hosta g major portion

an Islands. Sipee 1989,
« tagged, and Erotected

canoces National Park
(Katahira et al. 1994} . However, no tagged turtles have baen
recaptured away from the nesting beach. 1In addition, there are

virtually no reports of adult hawksbills being sighted by scuba
divers anywhere in Hawaiian coastal waters,

Knowledge of the whereabouts of marine foraging habitats oocupied
by the Hawaiian hawksbill is considered essential to adequately
understand, protect, and manage this local Population. Although
the Hawaiian Islands are located i

North Pacific, international migraktions
island groups are considered possible. Ther&fnre, the principal
objective of the ongoing study reported in this Paper is to
locate and map the resident foraging areas used by adultsz and
implement appropriate management measures. -

METHODS

Telonics (Mesa, Arizona USA) ST3a/sT14 satellite Lransmitters were
attached to four nesting hawksbills, two during late August 1995
and two during late RBugust 1996. In additiom, Telonics MOD-225
VHF transmitters were attached to the two turtles tracked during
1396 to obtain information on their short-range movements within

ong-range satellite telemetry.

DEplbymenta of electronic hardware on the turtles were scheduled
to coincide with the latter part of each ¥2ar's nesting season.
The satellite transmitters were programmed with a duty cycle of

=ix hours on, six hours off. The units were turned on at a time
computed for the latitude and i

Polyester resin. ERach BS g VH
gimilar manner immediately pos
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Lransmitter. The turtles were harmlessly confined on the nesting

beach 'in a prone position inside a portable Plywood pen during
the attachment process. The same protocol sﬁccegsfully uzed to
satellite-track the reproductive migrations of green turtles in
the Hawaiian Islands, American Samoa, Florida, and Taiwan was
carried out with hawksbills in the present atudy (Balazs et 1.
1534, 1996; Cheng and Balazes 1996, Schroeder et al. 1995)

RESULTS

1335 NESTING SEASOH

Hawksbill 22126- This turtle measured 8B. cm in straightline
carapace length (SCL) and was equipped with a satellite
Lransmitter on 22 August 1995 after an unsuccessful nesting
attempt at Kamehame. Flipper tags (N439/N440) showed that she
had originally nested here in September 1991 and again in 1993.°
Two days after being released with the transmitter the turtle
came ashore again at Kamehame and successfully nested. This
event demonstrated that the transmitter attachment process had

not adversely affected the turtle's behavior in any lasting
MANNEer .

hiring the following seven months 90- signals were relayed by
Argos from hawksbill 22126. Six of these transmissions supplied
useful locational data of ‘latitude and longitude (Fig. 1). The
remaining reports were limited to diving data showing that the
turtle was usually surfacing only 9-12 times during each 12-hour
pPeriod computed by Argos. Individual dives frequently lasted
more than 50 minutes. The six positions were sufficient to show
that. the turtle had traveled to the windswept northeastern side
of the island known as the Hamakua Coast. A position on

¥ September 1955 off the eastern point of Cape Kumukahi indicated
that the turtle had taken the shortest route arcund the island,
in'a counter-clockwise direction. This post-nesting migration
invelved a coastal distance of about 180. km. Two of the six
positions were during February 1996, thereby demonstrating an
.extended and likely permanent residency by the turtle along the
Hamakua Coast until her next reproductive migration.

Hawksbill 22134- A satellite transmitter was deployed on
hawksbill 22134 on 24 August 1995 after an unsuccessful nesting
attempt. A month earlier this 83 em SCL female had been flipper-
tagged (B773/B774) at Kamehame when encountered there for the

first time. Five days after transmitter attachment the turtle
emerged again to successfully nest at this same site..

During the following eight months over 100 transmissions were
relayed by Arges, 50 of which included positions of varying
levels of accuracy. BSeventeen of these are shown in Figure 2.
Three of the positions that occurred during December 1995, and
January and April of 1996, were highly accurate (LC 1 or LC 2).
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Hamakua Coast and eatablished residency. Like the m:

1N

These data revealed that the turtle had also traveled to the

igration of

hawksbill 22126, hawksbill 22134 took the shortest route ip g

counter-clockwise arocund the island from K
coast. The LC 1 and LC 2 positions placed
nearshore waters of Honemu, a minimum coastal diast
135 km from Kamehame. The infrequent surfaci
submergence times) Supplied by Argos for this
to those recorded for hawksbill 22126,

1996 NESTING SEASON

Hawksbill 241971 - Satellite and VHF Lransmitters were deployed
on hawksbill 24191 on 30 August 1995 after = i

, : agged (B706/R109) in
August 1993 while nesting at Kamehame. The turtle departed from

Ramehame shortly after the transmitters were attached, thereby
indicating it was her final nesting for the 199g Season .

During the following five months 101 transmissi
by Argos, 14 of which provided reliable locational darg on the
turtle’'s movements and deatination (Fig. 3). As with the two
turtles tracked in 19955, hawksbill 24191 migrated to the Hamakua
Coast. However, unlike the turtles tracked in 1995, 4 coastal
pathway of about 255 km in g clockwise direction was '
the island. cCalm geas Prevail in the nearshore water
island’'s western ceast where the turtle traveled. This
undoubtedly explains the greater number (%) of very
Positions (LC 1, LC 2 or LO 2) that Argos was akble t

©Nns were relayed

Accurate
O compute.

Hawksbill 24191 swam at an average gspeed of
Lo migrate from Kamehame to the final destin
the Hamakua Coast. Upon arrival, VHF transmissions were used to
determine the turtle’sa exact location. Thig resulted in vigual
confirmation of the turtle’s presence. Periodic monitoring
continved for five montheg, during which time the turtle remained -
in nearshore foraging habitat at Paauilo. :

1.1 km/hr for 10 days
ation of Paauilo on

Hawkghil] 25695 - Satellite &nd VEF Lransmitters were attached
Lo hawksbill 25695 (85 o 8CL) on 29 August 1996 after ghe

successfully nested. This turtle was or
(BE565/B566) at Eamehame 17 daye earlier o1
the tranemitters were attached the turtle
renest on 16 September and g Uctober 1996 .

Shortly after 8 October 1996, hawksbill 2595 left the nearshere
waters of Kamehame and migrated along the coastline in g
clockwise direction (Fig. 4) similar to the route of hawkshill
24191. However, instead of proceeding ¢

turtle swam 115 km across the channel sep
Hawaii and Maui. She then followed the coastlin,

northern shore until arriving at Kahuluj Bay . Approximately

UL R
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Figure 1. Posl-nesting migration of hawhksbill 22126 lrom Kamehame o the Hamakua Coast, a distance
of approvimately 180 km.
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Figure 2. Posl-nesting migration of hawkshill 22134 from Hamahanm Beach to Honomu on the
Hamakua coasl, a distance of appmx]rmteh; 135
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SIMPLE BIOPSY TECHHIOUE FOR SAMPLING SKIN FOR DMA ANALYSIS GF SER
TURTLES

Peter H. Dutton', George H. Balazs?

‘Biology Department, Texas A&M University, College Station, Texas 77843,
‘Maticmal Marine Fisherieg Eervice Socuthwest Fisheries Science Center,
Honolulu Laboratory, 2570 Dole Street, Honolulu, Hawaii 96822-2396.

FROCETIRE

Digks of skin émm in diameter were sampled Lrom live green
turtles, az well as frozen dead turtles. In addition, skin plugs were
taken from a frozen green, leatherback, and loggerhead that had died
from various causes and were being held for eventual necropsy. hAll
samples were rapidly and easily taken using an’ Aou-Punch émm biocpey
punch availaeble from Acuderm, Inc., oF Fb. Lawderdale, Florida 33309,

The plastic handle of the punch was held by the thumb and index
finger, with the circular surgical blade resting against the smooth skin
located immediately dorgal to the bturtle's hind flipper. The turtle was
placed on its back to facilitate access to this bdopey site. . A clroular
cut 2-4 mm deep was rapidly made by rotating the tool once or twice
while tly pressing down. After withdrawing the blade, the resulting
disk n%egigsue was removed with forceps and stored in 20% DMSO.- saturated
with salt. In the casée of liwve turtles, the skin was cleaned with o0%
alecohol prior to sampling. WVirtuwally no bleeding ocourred following

ki , and a suture was not deemed necessary, upon the advies of a
cnnﬂuiting veterinarian. :

DEA RHALYSIS

Extracticn of DMA from each of the 0.02-0.04 g tizsue "plugs” was
carried out using the proteinase K digestion protocol of Maniatis et 3l.
{1982) as modified by Hillis and Davis (1986). All samples yielded
vigibhle DNA pellets which were washed in ice cold 70% ethanol and
resuspended in sterile water. The d-loop region of mtDHA was amplified
by the polymerase chain reactiocn (PCR) [Ignis et al., 19%0) and resulted
in a single-band product of the correct sige, PCR products were
soquenced on an Applied Bicaystem= autcmated eequencer to confirm the
fragment was from the correct region of mtDHA,

This work demonstrates that DHNA can be obtained of sufficient
gquality and guantity for FCR analysis from small skin tissue biopsies of
sea turtlesz, ueing a guick, simple, and relatiwvely non-invasive zampling
procedure. Small biopsy punches (down £o 1.5mm) are alse available and
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Design and Field Testing of an Internal Helix Antenna Satellite Transmitter
for Sea Turtles

Banpars A, ScaroEpER" ANp GEORGE H, Bapazs®

WS, Cffice of Protecied Resources, 1315 East West Highweay, Silver Spring, Marplard 20000 US4
NMES., Bruthwest Fisheries Science Center, Honoluly Leb., 2570 Dole B, Honsfuliy, Hawail D6822-2398 Lis4

The uze of satellite felemedry to study the migrafions of
marine turtles opened up a new avenue of myvestigation
dunng the [1980°s, Technological improvements have
reduced transmitter size and increased the sophistication of
satellite transmitters to enable the collection of data
including geographic position and even dive profiles.
Although the specific objectives of satellite telemeiry
research vary, the desire for regular and long-term, high
quality locational data are universal, We have been
siudying the post-nesting movements of Hawailon ond
Floridian green mwriles (Cheloris ppadar), respectively,
gince 1992 and 1994, While the resulis of our work, using
Telonics 5T-14 backpack-styls transmitters, are considered
highly successful ond have clocidated the migratory
pathways und identified the resident foraging grounds, we
bepan to see o similor pattern of sofellite fransmitter
performance and transmiiter life, Locational data transmit-
ted along the migratory routes were generally frequent and
of good quality, but this was followed by a drop in quality
onge the turtles arrived ot their foraging habitat, and rapidly
depraded thereafier until locotional dofa ceased.

Conventional satellite fransmitters wsed on sea tunles
for the past two decades have been built with an external
vertical wire antenna, When nsed on sea turtles in benthic
(mon-pelagic) habitats, we suspected vulnerability of the
antenna, resulting in signal attenvation or loss. The
corclusions most frequently drawn when a satellite
irapseaitter i3 no longer sending data are that either the wnit
has fallen off or the batieries have besn depleted. Cur
evidence, working with post-nesting green furtles, indicotes
that these reasons are unlikely when transmitter models
with a proven track record are used and when proven
attachment techniques are wsed. In studying our resuliz
over a several year period, and encountering turiles in
subsequent nesting seasons that had been previously
outfitted with satellite transmitters, we concleded that the
antenna was the weakest link of the syvstem, In all cases
where iransmitlers were recoversd, the antenna was
sheared off af the insertion podnt of the housing, whils the
transmitier isell was intact, These recoveries, in both the
Adlantie and Pacific, corroborate our suspicion that the
exiernal sntenna, 0 confrast to battery capacity, is the
primary limiting factor im the doration and quoality o
successful transmissions. ?

We met with the mamnufacturer of our satellite tags,
Telonics, Inc. (Mesa, Arizona, USA), inlate 1997, 10 discuss
the problem of antenna damage and how i might be
overcome, During that wvisit with Boyd Hansen, Brenda
Burger, and Stan Tomkiewicz, we sketched out a satellite
tramamitter housing that would encaze a helix antenna and

would be more streamlined than the boxy standard ST-14
unit, i order to provide improved hydrodynamic
performance (see Watson and Granger, 1998). Overthe next
few months, Telonics used thess to design and build
prototype 5T-14 vmit with an mternal helix antenna, Tn 1998,
we tested four profotype units, taro in Florida and fwo
Howaii amd, at the same time, deploved three standard $T-14
umits, one in Florida and owo in Hawaii. The duty eycle (time
in hours that the units cyele on and off) was idenfical within
study sites but differed between amdy sites. The testing of
the protofypes was not designed as a comparafive study
between Hawaii and Florida, but was infegrated into our
respective, ongoing studies and was intended to compare
standard vs. prototype tansmitter performance at each
location. The attachrment technigque consisted of an initial
layer of silicone elasiomer as a base for the transmitter,
followed by three applications of polyester resin and
fiberglass cloth strips (Balazs evall, 1996), The stendard 5T-
14 units were attached with the anienna posterior and a
cylinder of fikerglass cloth with an outside laver of kevlar
cloth resined in directly in front of the anfenna o provide
increased protection to the base of the antenna. The
prototype units were attached in the same manner, except
that the internal anterma was placed anterior and no
cylinder was needed.

Hesults from Hawaii

Diata resulting from the prototype units wsed in the
Hawaii component of the study are depicted in Fig. 1. The
location class codes indicate the relative acoaracy of the
cilculated positions, Codes 1,2,3 have estimated accuracies
of less than 1000 m; code O has an estimated accuracy of
greatar than 1000 m; and no accuracy estimates ane defined
for codes A or B, however these locations can be highly
accurate and the researcher must interpret these locations
judicicusly. The standard extemnal antenna wnits resulied i
twice 28 many ransmissions overall (1835 vz, T6T) and
about twice as many transmission that resulied in caloulated
locations. Seventy percent of the transmissions from the
prototype did not resalt in a caleulated position (“Z" class
data). Despite the reduction in the number of locations
caleulated from the protolype units, there were enough
valid locations to provide a clear definition of the migratory
track to the resident foraging habitat.

Hesults from Florida

Drata from the Florida furtles were disspmilar to the
Hamaii results in that many fewer overall transmissions were
received from both the standard and prototype units (Fig.
2}, The migratory treck ond residential endpoint at the
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Figure 1. Results from Howaii, combined standard units va.
combined prototype nnits.

forsging pround were cleorly defined by the data resulting
from the siendard umit, In contrast, so fow data points weres
received from the two proioivpe units that neither a clear
definition of the migratory track nor confirmetion of taking
up residence on the foragmg  grownds could be
demonstrated. The standard and prototype units performed
similorly with regard to location class codes 1,23 and 0, but
the stamdard unit generated a greater percentage of location
clnss A nnd B positions than the prototype units, which
enabled definition of the migratory pathway and confirma-
ton of residence at the foraging site. Mimety-three percent
of the protobype unit ironsmissions were location class
eode "7 and ne positions could be calouloted.

Conclusions

The external antenna cutperformed the intemal belix
anterma with regard to the number snd quality of transmissions
yielding Iocational data, six months post-deployment.

As of March 1999, of the three external antenna units,
onily one (o Hawaii unit) is stll transmitting,

Ag of March 1999, of the four prototype units, all are
continning to transmit regularly, however, only the Hawaii
units are currently transmitiing location data

We recommend the standard external antenna 5T-14
over the prototype unit when migration routes and resident
foraging habitats are unknown for post-nesting green turiles,
The rolled cylinder aid reverse omienna orientabion {antenmna
posterior) are recommended for improved performance.

Chral Presentations: At Sea Studies
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Figure 2. Results from Florida, standard unit vi, combined
proftotype units,

Under certain conditions, and for certain applications,
the prototype internal antennn unit may be useful for
collecting longer-term data. Additional testing on other sea
turtle species or under differemt conditions may be
warranted, Telonics, Inc, will build the prototvpe unit on a
cost-order basis. This project has resulted in the mold being
available at no sdditonal cost,
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USE OF THE GENERIC MAFPPING TOOLS PROGRAM TO PLOT ARGOS
TRACKING DATA FOR SEA TURTLES

Denise M. Ellis ' and George H. Balazs®

Joint Institute for Marine and Atmospheric Research, 2570 Dole Strect, Honolulu, Hawaii 96822-2396, 1.5.A.,
“National Marine Fisheries Service, Southwest Fisheries Science Center, Honolulu Laboratory, 2570 Dole Street,
Honolulu, HT 968222394, 1154,

Satellite telemetry s used to track the mevements of sea turtles and other snimals worldwide. One challenge a
scientist faces is how to present the numerical data received from transmitters as a publication-quality graphic.
Presented here is one way to convert tracking data into such a format using a powerful system called the Generic
Mapping Tools {GMT) program, cveated by Paul Wessel and Walter H. F. Smith. Many GIS integrated systems,
such as Argos’ ELSA, and ARC/TNFO or Maplnfo, are available, but can range upwards of US$4500 for the initial
purchase, High resolution maps of locations worldwide can be created relatively casily using GMT, a free,
public-domain collection of over 50 tools that mn on UNIX, an operating system similar to DOS (Wessel and
Stith, 1991; Smith and Wessel, 1990). GMT uses the WG5-84 ellipsoid as its defanlt global projection and can
be customized with personal preferences through the gmidefaultz file, More information about GMT con be
obtained over the Internet at; http:/fwww soest. hawaii. cdufwessel/gmt_him] or by writing to: GMT efo Paul Wesssl,
S0EST, 2515 Corren Road, Honolubu, Hawaii %6822 U.S. A, (Wessel and Smith, 1995).

The first step in making 2 map, such as shown in Fig. 1, is to ereate an executable ASCII file containing all the
required commnd lines as follows: 8 binssh, where the pound sign (0 i5 used to "comment out” or exclude from
execulion that particular line, and simply notes 'this is a shell seript.’ The line, PSFILE=<filename>. ps, indicates
the PostSeript file where the output of all commands will be compiled. The map scale is created with:
SCALE=X/Yd, where X and Y are the number of centimeters per degree for the corresponding axis; here, both the
x and y-axes ase 1,37 em per degree. The line: gmitset DEGREE_FORMAT 3, sets the labeling so longitudes are
displayed as () to 180 and [atitudes as (1o 90 degrees with the letters W, E, 8 and N appended as approptiate. Four
basic commands are then used o create o map os follows:

1} psbasemap. This program creates a basic map frame for a selected aren. A base map was created using the
command, -RI177192.2/-21/-13, where each number specifies a comer (W/E/S/N), Map projection with the
previously designated SCALE (20 available including Mercator, Hammer, eic.) was selected with the command,
-Ix${SCALE}, where x specifies a linear projection. The position of the map was set at 2.5 cm from the left margin
(-X2.5) and 3.B cm from the bottomn edge (-Y3.8). The tickmarks and their labels arc situated every 5 degrees on
the left and bottom of the frame by the command, -B5/5WeSn, For tick marks on the right and top of the frame,
the 's"and 'n’' would be capitalized. The command, -K, allows you to append additional commands to the PostScript
file, The line, = SPSFILE {or == 3PSFILE), at the end of each command line sends the resulis o the named
PSFILE.

) pscoast. This program includes land and water masses on the basic map. Each mass can be shaded (0-255,
where 0 is black and 235 is white), colored (red/green/lue, where 02535 provides intensity), or textured. The -G
command sets the ‘pamting’ for “dry’ areas with black as the default, -G 155/24(0:90, colors land masses green, The
-5 command sets the 'painting’ for “wet’ areas with white as the default, -5100/255/255 colors the water blue, GMT
draws coastlines, nivers, and political boundaries with different commands. Coastlines were included as a black
line with a pen size of 3 with ithe command, -W 3 There are five resolutions {-D} of which the mtermadiate
resolution (-D) thats plots polygons greater than 20 km2, is probably sufficient for most maps or high resolution
{-Dh, featuses > | k) could be used, The -0 command overlays cutput from this command line onto the previees
map, Mote -B and -J are nof appended as no changes were made.
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3) psxy. This program mcludes the database latitude and longitude files that were created and displays them as
lines or symbols. Longitude values should be entered as 0 to 359900, Latitude values should be entered as ) to 90,
positive in the northern hemisphere and negative in the southern hemisphere, Data files will be read inte GMT
as X, Y pairs (longitude, latitude). The command, -2, allows the data to be read a5 ¥, X pairs (latitude, lomgitude).
Database files for cach turtle were inputted twice, once to create fracklines and the second time to creale symbols.
Various types of lines (-W) and symbols (-5) can be created. Here, three lines with a pen size of six were created.
The command, -Wa 235/ 235, created a solid, hot pink line, -W6255/50¢50ta, an orange, dashed line, and -Wito,
a black, dotted line. Three black symbols were created by -5i0.15, an inverted triangle with a side length of 0.15

e, -580.13, & square with a side length of 0.13 ¢m, and -5c0.15, a circle with a diameter of 0.15 cm. Again -R and
- are not appended and -0 indicates commands are overlaid.

4) pstext, This program positions text such as labels, titles, and other text onto the map. Seven fields of
mformation are nesded to create the text: X, Y, size, angle, fontns, Justify, and text. X and Y can be either
longitude, latitudes data, or x, ¥ values in cm (position of text is relative fo map position). The 'fontne’ field confains
the number for & particular font, the default, O, is Helvetica, The Justify' field indicates the part of text on the x,
yposition. Text files can be included with the command line or as a separate file. The positioning for the base map
(-K} of the second pstext was changed to crm (-ROV2T.940021.6) from latitude, longitude and the scale was set ot 1:1

{-Jx1). The command line, 7.62 7.62 12 00 1 25693, placed “"25693" as a 12 point, Helvetica string at 0 angle, and
justified on the lower left comer (1) of text 10.2 cm from the left margin and 114 em from the bottom, No -K
command was included in the last command line, which indicates the map is finished to GMT.

The final product is obtained by executing the program in UNIX and printing the cutput file on a PostScript

compatible printer (Fig. 1, a black and white version). A high quality graphic is the reward for the time expended

medifying the programs and is an excellent complement fo manuscripts and presentations.

Chur thanks o K. Bigelow and F. Uyeda for their ime and assistonee with GMT and UNIX, and to 5, K. K.
Murakawa, F. A. Parrish, J. Kendig, 5. Beavers, and J. Nichols for providing review comments.

EXAMPLE OF A GMT COMMAND FILE

#1infsh

PSFILE=Samoa_Fiji.ps

SCALE=1.5T1.57d

gmtset DEGREE_FORMAT 3

pibazemap -RI1TT192.2-21/-13 -Jx3{SCALE} -X2.5 -Y3.B -B5/5WeSn -K = SPSFILE

pacoast <K -Jx <D -G155/2400 -S100F255/255 -W3ANID -0 -K == 3PSFILE

psxy 25692_96.dat -Jx -R -WA/255/0/255 -0 -K - >> SPSFILE psxy 25694 96.dat -Jx -R -W&/255/50/50
01 -K -; > EPSFILE psxy 25693 _96.dat -Jx -F -Wéto -0 K - >=5PSFILE

psxy 23693 _96.dat-Ix -R -8i0.15 -G -0 -K -2 == EPSFILE psxy 25694 _9%6.dat -Jx -R -520.13 -G0 -0 K -;
== BPEFILE paxy 25692 96.dat -Jx B ~Bcll 13 000K - == §PEFILE

patent -RITWI92 221513 -0x -0 -K <<END== $PSFILE

191400 -14.000 12 00 | Rose

1491400 -14.300 12 00 | Atoell

ITE300-16.000 120 0 2 Fiji Islands

FET.000 -13.200 1200 1 W, Samoa

ERDY ;

pelext ROV2T.ONV21.6 -Jx] -0 ==mEN D= $PEFILE

TE2 762 12001 25693

THZ 584 12001 25692

TH2 25412001 25694

20,62 241 12 00 | Mive

0.5 13.97 16 0 0 | Post-nesting Migrations of Green Turtles from Rose Atoll, American Samoa to Fiji, 1995-96
{EEMND
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POST-NESTING MOVEMENTS OF PLORIDA GREEN TURTLES: PRELIMIMARY RESULTS
FROM SATELLITE TELEMETRY

Barbara A. Schroedsr', Llewellyn M. Ehrhart®, Gesrge H. Balazs?

‘Florida Department of Environmental Protection, Florida Marine Research
Ingbibukbe, 19100 S5E Federal Highway, Tequesta, Florida 33469 TSA

Tniversity of Central Florida, Department of Biological Seiences, P.0.
Bex 25000, Orlando, Florida 3281& USh

'National Marine Fisheries Service, Southwest Fisheries Sclence Center,
Honolulu Laboratorsy, 2570 Dole Strect, Honeldlu, Yawaid 96822 Usa

Studies of the green turtle populabion that nesta in Florida hawve
focuged almost exclusively on aspects invoelving nests and hatchlinegs,
including basiec reproductive parameters such as remigrakicn intervala,
nest site fidelity, and the oumber of clutches per female per season.
Only a few hundred nesting Florida green turtles have been tagged using
traditional flipper tags. No recaptures away from the Florida nesking
beaches have ever been reported. The principal objective of our study
wag to collect information an the migiatgry pathways and resident
foraging habitats of the adult Florida green turtle population. Thia
information is critical to identifving and protecting marine habicaks
that are essential for the recavery of this species.

Telopnica ET-3, back-pack designed transmitters linked to the Argos
satellite system were used. Transmitbers ware attached bo thres Flarida
green turtles nesting at the Archie Carr Hatlenal Wildlife Refuge in
southern Brevard County, Flerids, during July 1%%4. Two of the three
transmitters yielded data that provided insight inteo post-nesking
movemants. After departing the wieinity of the nesting beach, both
turtles made wvery simllar and directed movements zocuthward along the
eagt Florida coastline, burning westward as they approached the Florida
Keys, and continuing along the Keys to the west. One individual
remalned for ac least B0 days just offshore the lower Florida Keye,
until the last transmission was receiwved in late Octoober. The second
turtle continued west stopping near the Marguesas Keys, proximatbaly
40km west of Key Weak. She remained in this area for atafaast 10 days
after which na further lecakbion data wers received. There was no
evidence thar eifher furtle made any sbopaovers as thei travolled from
the neating area bto the Florids Heya., We offer a working hypothesis
that Florida green burkbles make use of the cxteénsive oeagrass me
and coral reefs in the Florida Keys as resident foraging habitat. We
plan bo continue this research a augment our sample size during the
1335 nesting seaBCn.
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HOMEWARD BOUND: SATELLITE TRACKING OF HAWANAMN GREEN TURTLES
FROM MESTING BEACHES TO FORAGING PASTURES

Gaorge H. Balazs

Hational Marina Fisharas Sandca, Soutiwes! Fisheres Sclanca Contar, Honoluly Labaratony,
2570 Doda Strest, Honoluly, Hawal GOS0 206 LUSA

Talonica 5T-3 satelliie transmitters linkod to tha Argos system were deployed on thres green bures,
Chedania mydas, nesting at East Istand, French Frigate Shoals (FFE) during August 1982, The chjactives
of this study warg io detarming 1} mégraiory pateays b the foraging areas; 2) degres of fabion on &
foraging area; 3} diving behaviors during the migrations; and 4) diferences In migmeony abiitlks batwesn
healihy 1unles and ones modarately afflichad with Abrapapllomas,

The intensha Bpper tagging of nesting females and basking males has been undensay in tha Hawalian
Istands sgince 1973, Resulls show thet reproducthse migrations ane carmed oul batwesn FES and numanous
dgtant foraging areas throughout the 2400-km span of the archipelago (Balazs 1976, T683). lsolansd
dohngton Aoll, situated 830 km to the south, @80 canstiuies ona of the foraging arsas (Balazs 1985),

METHODS

A pale ard secure method of aliaching the iranemitters was pretasted on capiive green iurles at Spa LEn
Park Hawall. Silicone Elagatomer, a bwo-par compound, was firat ued 1o firmly postion the franamiter
apgaing the contour of the carapace slang the second cerdral ssute. This product ouras within fve minutes
dind proguces no heat. Final sttachmant was than achisved by applying bac layers of Abarglass cloth and
redin, similar b what has bean used by Beavers et al. {1832} and Renaud (1990} A sturdy plywood
comalngr was desised to place arcund the il 1o safely hold har in & prone poaiilon duing 1he atiachmant
ProCess.

T of tha thre turties selacted for satalite felemetry were alraady idantified with fipper iags that had bean
applied af Jobnson Aldl (U306} and Kanecha Bay, Oefe (USE0). The third turte (U238) had not bean
tagged and was moderalely afllkdied with ibropapiiomas,  This wmorous disease is of major concem ko
groen titls papuiations in Hawail, Forida, and eleewhere workbside (Balazs and Pooley 18591). However,
severe canes of the disssss s spkiom seen in the breeding apsemblsge af FFE. This is presumably dua
bo thi inabélity of heandly diseased Indhiduals 1o achleve repraductive niediness ond accomgplish the reguired
rigration, The duty cycle of the iransmiters used on LI2G60 and L2356 was 8 howrs on, & hours off. The duty
cycle ol LG was 10 hows on, BD hours of.

Thia iy wiss iniliabed during tha fatter part of the nesting aeason fo increase the chanoes of the turdas
leaving an their homaward voyage shortly atter fraramister atiachmenl. Shod-rmnge mdio teemesry of green
turtlas within FF5 had alraady been conductsd In 1980 eady In tha nesting season to determing habiat
tiization during Intemasting Intanals {Dzon and Balazs 1903).

RESULTS AND DISCUSSION

Al ihrea burtles wem suceesshdby tracked by satalita during thel homeward migmtons. Twa of the uties,
Uaen and U238} deparied within four days of one ancther and swam in excess of 1100 km agalng!
prasaailing winds and cuments o Kaneohe Bay (Fg. 1). nstead ol using she islards and shoals of the
archipetago as navigalonal guidepasts, as might be cxpected, both tuiles tollowed similar paths o the

ik



south of the chain, beyvond sight of land over water thousands of meters desp. Tha thind turtle [LE305) also
traveled mcross open ocean, bl diectly south io Johnston Atoll (Fig. 2. The navigational system used on
thess voyages remalng unknown, Howewer, offactony reseption of chomical cues cormed by curments from
the klands s & plausile compaonent 1o the ploting process (Sarr 1872),

Eath of the previcusly tagged iuriles migrated to the same loraging area whers they had bean encountarad
eadier. Tha tudle with tumars took & less direct path, ireveling 130 km father than the healthy turtle, to
arriva al tha same foraging erea of Kansche Bay. Short diving fimes for il thres turties indicatnd that thay
wire Fralnly ssimming close o the surace during thelr migratlon. However, mean sebmengence Inbersala
rmﬁmwmmmﬂm1ﬂmwﬁWMMwmmu1mmm¢
the :

Mh:hmwm;mmmmmmﬁulywmmmw
migrations fnom o nesting baach o nearshone foraging arsas {see Byias and Kalnath 1990},

TUATLE LEE0 BUMMARY-This healthy B7 cm turtls coverad & distence of 1130 km averaging 2.0 kmy/hr
during her 23-day migralion from FFS 1o Banpohe Bay.  During this transh ibe svemage dhe times mnged
fram 23-6.1 min. Fhe indbddual dives ware raglstersd lasting 11-34 min. Amblent temparatures during the
migration, a5 recorded by & senaor in the bransmitler unit, ranged from 28-27 C. Transmissions from U260
continued far 356 months after the migration was comgpleted, during which tima the furle ramalnad wihin
Kamaohe Bay.

Tha tagging history of UZE0 showed thal she had boen first encouniered nesting on East iand during the
1868 season. In March 1532 she was hand-capturad by the author in Kaneche Bay while resting undar a
coral ledge at w depth of 5 m In June 1892 she was sean back al Esst |stsnd whara four nestings occunmed
prior o transmiier atiachment in August 1852, Thess data demonstmba fwo kangihy retum trips o the same
nagrehang anes of Kaneohe Bay, ihenaby suggesting a streng atfinky for this particular foraging bocation.

TURTLE Lizag SUMMARY-This 85 cm presiously uniagged lwirle kad 12 tumars mnging from 18 cm in
diamater on her fronl Bppes, neck, and ayes. Threg nestings ook place on East lstand in B892 prior o
transmitler aftachment, In addilon, the turile was sben ashore afiempling to nest on 7 other nighta. U238
travedad 1260 km avaraging 2.0 ke hr during the 26 days it teok 1o reach Kaneohs Bay, Durng this voyaga
avamge dve tmas ranged from 22-3.3 min. Four indiidusl dives were reglstered lasting 26-28 min
Amblanl temperatures mnged from 34-27° G,

Sireca hat afrhad, L35 has made at aast one round inip escursion oulside of Kaneohe Bay along Oarka's
coastine 1o a reaf araa 11 bm weny. Trarsmissiors wene &l being recebied from this futie In Aped 1993,
B months aftar deployment,

TURTLE L1306 SUMMARY.-This heaithy 91 cm turtle hard bean ofginally cagtured by et and tagged neary
8 yoars sardler af Johnston Mol when she measured 87 cm (Salazs 1985) The principal foraging ameea for
ure-mmntaamemtnnMulisaqmm:Wmmdwmmwmmu&
Arrry.

Uinlika the other twio turdes tracked in this sludy, U306 nested al least once on East kland afar the
tranEmitier was giached. S was sl seen nesting on thres sarller oocasions during the 1992 season,
Sha thapastad FPS in mid-Soptombaor 1652, aboet ang month sfier treremifler aftachenent. The 653 km irig
directly to Johnston Aol took sbout 22 days at an sversge speed of 1.6 km/hr. Howevar, during tha last
70 Bome ol The woyage the swimming spesd was anly 08 kmythr. The svarage dive times ranped fom 2,3-3.3
mwin and wang very similar o those exhibiied by furile U236, Two Individusl dives of 20 and 25 min werg
regiatered during the migration. Ambient lemperalures ranged from 26-29° . Transmissions from LI30G a1
Johnston &boll ceased during late Fabnuary 18490, & months afier deployment.
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SATELLITE TELEMETRY OF GREEN TURTLES NESTING AT FRENCH FRIGATE
SHOALS, HAWAII, AND ROSE ATOLL, AMERICAN SAMOA

George H. Balazs °
Peter Craig*
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Russell K. Miya'

! National Marine Fisheries Service, Southwest Fisheries Science Center, Honolulu Laboratory, 2570
Dole Street, Honolulu, Hawaii 96822-2306 LISA
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Biotelamatry using the Argos satellite system was conducted for the second consecutive vear in the
Hawaiian Islands to determina migratory routes, swimming behaviors, and resident foraging pastures
of green turtles, Chelonia mydlas. nesting at French Frigate Shoals. In addition, in a cooperative study
with the American Samoa Government, transmitters were deployed in the South Pacific during 1993
on green turtles nesting at Rose Atoll, the easternmost island of the Samoan Archipelago.

Satellite telemetry of sea turties in Hawaii was initiated in 1992 and resulted in the first known
successful high-sess tracking of a green turtle migrating from a nesting site to a resident foraging
pasture (Balazs 1984). Satellites have not been previoushy used to study sea turtle migrations
elzewhere in the oceanic islands of Polynaesia, Melanasia, and Micronesia. Both Franch Frigate Shoals
{Balazs 1376, 1383} and Rose Atoll [Sachet 1954, Balazs 1982, Tuasto'o-Bartley et al. 1993} are
historically prominent nesting sites for green turtles inthis region.  Although relatively small nembers
nest at these isolated rookeries, both are important components to the overall survival and ecologic
understanding of grean turtles in the insular Pacific,

Intensive flipper tagging at French Frigata Shoals since 1973 has shown that reproductive migrations
of green turtles take place to and from numerous coastal foraging areas throughout the 2400 km span
of the Hawaiian Archipalago. In contrast, few turtles {50 since 1980 all C. mydas) have ever been
tagged at Bose Atoll. Only two distant recoveries have thus far resulted from this intermittent work,
A trtle tagged at Rose in 1980 was captured and killed in a net in 1986 at Kadavu, Fiji; and another
one tagged at Rose in 1988 was reporied speared in the Sikatoka area of Vit Levu, FIj, n 1992
[Balazs 19593].

METHODS

Telonics 5T-3 transmittars configured for backpack mounting were daploved on two turties at French
Frigate Shoals during August 1993, and on three furtles at Rose Atoll during Movembar 1993, The
ransmitters were safely and securely attached using thin lavers of fiberglass cloth and polvester resin.
This technigue was patterned after procedures used by Byles and Keinath (1980), Beavers ot al.
(18920, and Renaud et al, {19931, However, Rolvan Silicone Elastomer, 8 two-part splinting agent
used in human medicing, was incorporated inte the procedure. This product made it possible 1o rapidiy
and effectively custom-mount the fransmitter against the contour of the carapace (at the second
central scutel. Silicone Elastomer curas within a few minutes after mixing, and no heat is produced
in the process. During the two hours required to accomplish transmitter attachment, the turtles were
harmiessly confined in a prone position using a shaded portable plywood container designed for this
purpose. The 5T-3 transmitters weighed 765 g and measured 17 x 10 x 3.5 cm with the antenna
extending 13 ocm from the op. The ransmitteérs weara programmead with a duty cvcle of B hours on,

6 hours off.
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RESULTS

Detailed high-seas tracking was successfully accomplished for the post-nesting migrations of all five
turtbes, as shown in Figures 1 and 2, These results are summarized as follows.

HAWAILAN TURTLE 4803--Turtle 4803 departed French Frigate Shoals on 9/4/93, 11 days after being
fitted with a transmitter during the latter part of the nesting season, She accomplished an 1180 km
migratien to the seutheast, arriving at Kaneohe Bay, Oahu, on 9/30/93. The voyage took 26 days and
followed a course well away from land, against prevailing winds and currents, over water thousands
of meters deep. Her swimming speed averaged 1.9 km/hr, After reaching Kaneohe Bay, satellite
monitoring continued for another 3.5 months, During this time she stayed entirely within the bay.
Turtle 48035 route was very similar to those taken by the two turtles satellite-tracked from French
Frigate Shoals to Kaneohe Bay in 1932 (Balazs 1994), Both of these previous trtles swam 2.0 km/hr
during their migrations, taking 23 and 26 days each to cover 1130 and 1260 km.

HAWANAN TURTLE 4B04--Turtle 4804 departed French Frigate Shoals on 9/1/93, 7 days after being
deployed with a transmitter. She also swam southeast to Keneohe Bay but, unlike other satallite-
talemetered turtles traveling to this location, twrtle 4804 followed a route mainly between the islands
and reefs along the Hawallan chain, On this pathway she periodically encountered relatively shallow
water and benthic habitats. However, the total distance covered (1100 kml, the time in transit (26
days), and the swimming speed (1.8 km/r) of turtle 4804 were almost the same as the turtles that

traveled offshore over open ocean. Afrer arrival, turtle 4B04 was recorded within Kaneohe Bay for 3.5
months before the transmitter signal terminated,

SAMOAN TURTLE 4807--A transmitter was deployed on turtle 4807 on 11/4/93. She subsequently
staved within or near Rose Atoll for 72 days, renesting on several occasions. On 1/15/94 she
embarked on a 36-day migration, traveling to the southwest, across 1475 km of open ocean to the
narth of Tonga, She arrived in the Lau Group of Fiji on 2/20/94, averaging 1.7 km/hr. Az of late

March 12384, turtle 4807 was still transmitting from Lau in the vieinity of Argo Reefs (Mbukatatanoa),
st south of Lakemba Passage.

SAMOAN TURTLE 4808-Turtle 4808 was fitted with & transmitter on 11/3/93 and subsequently
remained within or near Rose Atcll for 47 days, renesting on several occasions. She departed on
12/20/93 and migrated 1450 km to the southwest, following a route well to the north of the one taken
by turtle 4BO7. She arrivad at Vanua Levu, Fiji, in the vicinity of Nateva Bay and Undu Peninsula, on
1/23/894. Her wip took 34 days and averaged 1.8 krvhr. As of late March 1994, she continued to
remain in this same nearshore area.

SAMOAN TURTLE 4B809--Turtle 4809 remained within or close to Rose Atoll for 22 days after being
fittad with a wransmitter on 11/3/93. She then left on a 10-day excursion, traveling 60 km to the
south on a figure-gight course that coverad 300 km at an average speed of 1.4 km/hr. She arrived
back at Rose Atoll on 12/5/83 and remained there for 22 more days before departing again on
12727193, This time she continued to the southwest, across open ocean, following a route very similar
to the one taken by turtle 4807, Turtle 4809 arrived at Vanua Levu, Fiji, on 2/10/94, after swimming
1750 km in 45 days at an average speed of 1.6 km/hr. Her migration terminated in the vicinity of
Mawerd Point, to the east of Savu Sava Bay on the south shore of Vanua Levu. As of late March
1984, transmitter signals were still being received from this same coastal area.
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Figure 1. Migralory routes taken by Hawailan turtles 4803 and 4304 from French Frigate Shoals to
Kaneohe Bay, Dahu, in the Morth Pacific Ocean.
L]
iy
1_ -
.l - 1475
= W, SAMDA
WANUA LEVU L TR ] i
—— ,'___,-!—'
-l
Fil é- £, r_ﬁ P
(i, 1\30 B A A S sl S
_ " > - 1A
: -l S Lal
P T 5 'F
._-_F'EF . L El '..\_-;| ﬂm
TG
-y 4807 T L
" ' 4808 —-—-—
) L8059 |
g e En Vi
g
178 E 180 ' 76 ' 72 ' WETW
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