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ABSTRACT: We demonstrate the use of pop-off satellite archival tags (PSAT)-derived geolocations to
determine the most probable tracks (MPTs) of olive ridley sea turtles Lepidochelys olivacea off Costa
Rica. We use a Kalman filter state-space model (KFSST) that uses light-based longitude and latitude
and sea surface temperatures (SST). PSATs placed on 14 turtles remained fixed for an average 53 d
(range: 29 to 111 d). The average reduction in longitude and latitude standard deviations was ϕlon =
0.62 and ϕlat = 0.28 between the raw and KFSST-derived MPTs, respectively. Geolocations were
linked in time to oceanographic features such as SST and chlorophyll a, as reported by satellite-based
sensors. Turtles went in all directions from their respective release points, independent of year and
capture type (longline-caught vs. hand-caught). Turtles remained within a SST range between 23.3
and 30.5°C (mean = 27.1°C), with over 75% of all recorded temperatures between 25.0 and 28.0°C.
Turtle locations were associated with mean chlorophyll a = 0.37 mg m– 3. MPT data suggest that turtles spent a disproportionate amount of time in the general region of the Costa Rica Dome, a nutrientrich quasi-permanent cyclonic eddy. Taken together, these findings support the increased utility of
filtered light-based geolocation data in identifying environmental features characteristic of sea turtles’ preferred habitat, information which can be useful in managing regional fisheries.
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The use of electronic tags on fish and other marine
fauna has offered insight into the movements and distribution of marine organisms, and has provided an
opportunity to identify environmental factors associated with these movements (Arnold & Dewar 2001,
Polovina et al. 2001, Etnoyer et al. 2006, Godley et al.
2008). With this knowledge it is possible to predict,
with varying degrees of confidence, the presence of
species in a wide range of habitats, which can be a
powerful tool for marine resource management efforts
to balance conservation needs against activities such
as commercial fishing (McDaniel et al. 2000, Howell et
al. 2008). Refining these predicted movements is espe-

cially important for commercial and protected species
that have overlapping distributions, and advances in
technology have increased the number of possibilities
for acquiring such information (Fuller et al. 2008).
The evolution of tagging devices over the past few
decades has yielded an expansive breadth of knowledge regarding numerous aspects of sea turtle ecology
and behavior, including the spatial distribution of sea
turtle species with transoceanic migrations (see review
in Godley et al. 2008). Tags available for this type of
research are plentiful and highly variable, ranging
from low-tech methods such as metallic tags requiring
the animals to be recaptured, to more advanced
radio/sonic and satellite telemetry devices that can
provide information on turtles’ small or large-scale
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movement patterns remotely (Fuller et al. 2008, Godley et al. 2008). Because the cost of high-tech methods
such as satellite telemetry is still relatively high, the
number of units employed is often limited, thereby
reducing studies to the movements of only a few animals (Godley et al. 2008).
The suite of satellite tags available for sea turtle
telemetry studies include those that employ lightbased sensors from which an animal’s geolocation
must then be calculated. The benefits (primarily cost)
and limitations regarding the use of light-based sensors on electronic tags for the purpose of geolocation
have been reported for a number of marine fauna,
including sea turtles (Fuller et al. 2008). Unlike conventional satellite tags that provide highly accurate
geolocation by using Argos Doppler shift or Global
Positioning System (GPS), light-based geographic
position estimates are computed from the record of
light intensity, from which estimates of dawn and dusk
can be used to calculate longitude (from local noon)
and latitude (from local day length) (Hill 1994, Musyl
et al. 2001, Nielsen et al. 2006). When using lightbased sensors, factors that affect geolocation accuracy
include (1) an animal’s dive behavior, since accuracy
decreases with increasing depth distribution (Musyl et
al. 2003), and (2) time of year, i.e. the margins of error
increase during the periods of an equinox because day
length is nearly equal at all latitudes (Nielsen et al.
2006). Therefore, ‘raw’ (unfiltered) geolocations are
often noisy and potentially inaccurate to hundreds of
km (Nielsen et al. 2006). Due to the computations
required, raw light-based geolocation estimates are
less accurate than direct links to satellites (Fuller et al.
2008).
While considering these limitations, however, lightbased geolocation technology may be appropriate,
especially when seeking information on animals’
large-scale movement patterns and when high resolution may not be a research priority. Additionally, use of
light-based tags may be less costly than of those with
GPS technologies, thereby enabling the tracking of
more individuals on a limited budget.
There are a number of techniques for light-based
geolocation data that can result in more reliable estimates of an animal’s true or actual position. One
approach has been to use a Kalman filter state-space
(KFSST) model that can effectively reduce the margin
of error from the raw geolocation data (Sibert et al.
2003, Wilson et al. 2007). Precision of daily geolocation
estimates can be further improved by incorporating
sea surface temperature (SST) data into the model
(Nielsen et al. 2006). The model essentially assumes
that the tagged animal moves according to a biased
random walk and that the raw geolocation positions
are true positions plus some measurement error,

thereby maximizing use of more reliable data (e.g. not
those obtained during equinox periods). In its most
recent version, the model includes longitude and latitude, as well as comparing SST measured by the tags
and satellites, thereby improving the most probable
tracks (MPTs) from geolocation estimates (Nielsen et
al. 2006, Wilson et al. 2007).
In the present study, we demonstrate the use of popoff satellite archival tags (PSAT)-derived geolocation
data to determine olive ridley turtles’ MPTs by using a
filtering model known as KFSST that uses longitude,
latitude and SST. Based on the reconstructed MPT
from each turtle, we identify key oceanographic features, such as SST and chlorophyll a (chl a), as well as
regions of upwelling that characterize turtles’ preferred habitat. Despite the limitations in the use of raw
light-based geolocation data, our filtered data suggest
its increased potential utility, especially for identifying
large-scale movements and features associated with
turtles’ distribution in the Eastern Tropical Pacific
(ETP), which we aim to characterize in this paper.

MATERIALS AND METHODS
Animal capture and tagging. We deployed 14 PSATs
on olive ridley turtles Lepidochelys olivacea in the Gulf
of Papagayo off the Pacific Coast of Costa Rica between November 2001 and June 2003 (Fig. 1). A total
of 9 turtles had been incidentally captured in longline
fishing gear and 5 were dip-netted while free-swimming at the surface prior to their capture. Information
regarding turtles’ size, location and date of tagging,
and method of capture were recorded (see Table 1).
All PSATs were attached to turtles using an epoxy
method (Swimmer et al. 2002), except for 2 PSATs that
were bolted to turtles’ postcentral scutes (Epperly et
al. 2007). For the analysis of geolocation data, the first
and last positions are fixed points for turtles’ release
and pop-up points. The time between these 2 points is
considered to be the number of days the animal was
at liberty.
PSATs used were Wildlife Computers PAT2 tags and
Microwave Telemetry PTT-100 tags. Wildlife Computer (WC) tags were programmed using PATHOST
software to record pressure (i.e. depth, m), light level,
and temperature (°C) every 60 s, and to store the data
in 12 depth and temperature bins covering ranges from
0 to 1000 m and 5 to 60°C, respectively. They were also
programmed to record maximum daily dive depth and
to release from the animal 1 yr after deployment.
Microwave Telemetry (MT) tags were programmed to
record temperature and pressure (depth) readings
every hour and to release from the animal 8 mo after
deployment. Daily geolocation estimates were ob-
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Fig. 1. Lepidochelys olivacea. Daily median sea surface temperature (SST) measurements (crosses) obtained directly from the
pop-off satellite archival tags (PSAT) compared to satellite-derived smoothed SST (black line) for 3 olive Ridley turtles

tained from the light and temperature data from the
WC tags using manufacturer-supplied software. For
the MT tags, estimates for dawn and dusk were automatically calculated in the tag by a proprietary algorithm, and daily geolocation estimates were supplied
by the tag manufacturer (Gunn & Block 2001).
Modeling most probable tracks. We used KFSST
models (Nielsen et al. 2006) to compute turtles’ most
probable tracks, and hence distance traveled, for all
turtles from which we received data. Daily median SST
measurements in the tag were taken from the surface
to 17 m and compared to satellite derived SSTs. Because the SST from the satellite images are available in
a grid of points, we followed a track and determined
the associated satellite SST at each point along the
track. In order to interpolate the data, we smoothed the
closest points in the grid in order to generate SST at a
certain point on the track (Fig. 1).
The KFSST model provides estimates of the uncertainty in the raw geolocations as well as the uncertainty in the points on the most probable track. To
obtain a quantitative estimate of the improvement in
the track between the raw data and the MPT generated by the model, we used the fraction of the average standard deviations for both latitudinal and longitudinal errors. For example, for a given track’s
longitude, we computed: For example, for a given
track’s longitude, we computed: ϕlon = σlon,MPT/σlon,raw,
where σlon,MPT is the average of the estimated standard deviations of the geolocations of the MPT and
σlon,raw is the average of the estimated standard devia-

tions of the raw geolocations. For latitude, σlat is similarly defined.
Coupling turtles’ tracks to oceanographic features.
Turtles’ MPTs were overlaid with corresponding satellite remote sensing oceanographic data provided by
the NOAA/National Environment Satellite, Data and
Information Service (NESDIS) Coastwatch and OceanWatch programs. SST data were derived from Advanced Very High Resolution Radiometers (AVHRR)
on board the NOAA polar orbiting satellites. Data prior
to July 2003 were obtained from the descending nighttime passes (Vazquez et al. 1998) and received as a 9
km product mapped to an equal area projection for
each 8 d period. From July 2003 to present, daily SST
data processed using the NESDIS global area coverage
(GAC) algorithm were averaged to create weekly and
monthly images that are comparable on a temporal
and spatial resolution to the Pathfinder V4 SST product
(r2 = 0.99, p < 0.01).

RESULTS
Of the 14 tags deployed, 3 failed and the remaining
11 transmitted successfully for a mean 53 d (range: 29
to 111 d; Table 1). One tag did not report SST data, and
therefore our modeling efforts were limited to 10
tracks. In total, the 10 PSATs placed on olive ridley turtles provided 708 light-based geolocation estimates,
from which 335 daily estimates of the animals’ most
probable tracks were determined (Fig. 2). Based on
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calculated MPTs, turtles traveled an average of 1807
km per track, averaging ~42 km per turtle d–1 (range:
18 to 105). There were no apparent differences in posthooking deployment distance traveled or directionality
between turtles that had been hooked (mean = 45 km
d–1, SD =11.37, range: 18 to 107 km, n = 7) or caught
when free-swimming (mean = 40 km d–1, SD = 19.10,
range: 22 to 64 km, n = 4) (Table 1).
Raw unfiltered PSAT geolocation data and MPTs were
compared for all turtles, with representative tracks illustrating the improvement in precision shown in Figs. 2 &
3. The average reduction in longitude and latitude standard deviations was ϕlon = 0.62 (SEM = 0.060) and ϕlat =
0.28 (SEM = 0.033) between the raw and KFSST-derived
MPTs, respectively (Table 1). The 95% confidence intervals of 2 turtles are illustrated in Fig. 4.
Turtles’ movements remained in SSTs between 23.3
and 30.5°C (mean = 27.1°C; SE = 0.27), with over threequarters of all recorded temperatures between 25.0
and 27.9°C (Table 1; Figs. 3, 5 & 6). One individual
(Turtle 29474) that was tracked in the fall was associated with higher chl a levels (mean = 0.69 mg m– 3;
SEM = 0.166; range: 0.160 to 1.93) than the remaining
9 turtles, which were located in mean 0.37 mg m– 3
(SEM = 0.042; range 0.19 to 0.52) (Table 1; Fig. 3).
Excluding Turtle 29474 from the group mean, 62% of
all determined turtle locations were within the chl a
range 0.2 to 0.6 mg m– 3.
We investigated the frequency of SSTs associated
with olive ridley turtles’ MPTs in relation to the distribution of available temperatures in the vicinity of the
study. Turtles’ mean daily associated SSTs in 1°C bins

(e.g. ‘24’ = 24.0 to 24.9°C) are presented next to mean
weekly average SST for the geographic range covering
8 to 13° N and 86 to 91° W for periods during which a
minimum of 1 turtle was tracked for the duration of the
study period (29 Nov 2001 to 9 Jan 2002, 5 Apr to 27 Jul
2003, 2 Sep to 30 Oct 2002, 2 Dec 2002 to 30 Jan
2003, 8 Jun to 15 Aug 2003) (Fig. 6).
The only turtle (E) tracked during summer months
was associated with relatively low levels of chl a (mean
~ 0.20 mg m– 3) within the most restricted range (0.15 to
0.40 mg m– 3), while the one turtle tracked during the
fall (Turtle 29474) was associated with the highest
mean chl a levels (mean = 0.69 mg m– 3, range: 0.16 to
1.93 mg m– 3).

DISCUSSION
Incorporation of information on environmental correlates to turtles’ movement patterns and habitats can
play an important role in the management of marine
areas. The identification of species’ habitat preferences, either by tracking movements or modeling, has
been identified as a powerful conservation tool in
ecosystem management. Specifically, the application
of findings can help to effectively reduce the interaction rates between protected species (e.g. sea turtles,
cetaceans) and fisheries, assist in the creation of effective and minimal time-area fishing closures, and to
maintain the integrity of the marine ecosystem
(Canadas et al. 2005, Kobayashi et al. 2008).
In the present study, we used pop-up satellite

Table 1. Lepidochelys olivacea. Tag and turtle data for olive ridley turtles. Catch method: control turtles were hand-caught while free-swimming, longline turtles were those that were retrieved from shallow-set longline fishing gear. Tag: tag manufacturer, MT: Microwave Telemetry, WC: Wildlife Computers. Days at liberty: Number of days tags remained on animal. Total distance: number of n miles (nautical miles)
turtles traveled as measured by the most probable tracks (MPT). SST: sea surface temperature. N/A: not available (data not received)
Turtle
Date
ID
deployed

Catch
method

Tag

Days at
liberty

Total
distance
(n miles)

A
B
C
D
E
F
G
H
I
J
K
L
M
N

Control
Control
Control
Control
Control
Longline
Longline
Longline
Longline
Longline
Longline
Longline
Longline
Longline

MT
MT
WC
MT
MT
MT
MT
WC
WC
MT
MT
MT
MT
MT

51
49
39
N/A
68
N/A
36
N/A
30
58
59
49
29
111

1482.7
1078.2
2519.8
N/A
3189.0
N/A
1839.0
N/A
1141.4
1823.9
1056.2
1083.4
3113.0
N/A

29 Nov 01
29 Nov 01
29 Nov 01
8 Jun 03
8 Jun 03
28 Nov 01
29 Nov 01
29 Nov 01
29 Nov 01
2 Sep 02
2 Dec 02
5 Apr 03
6 Apr 03
8 Apr 03

Mean
% Days
daily
geolocation
distance
available
(n miles d–1)
29.1
22.0
64.6
N/A
46.9
N/A
51.1
N/A
38.0
31.5
18.0
22.0
107.4
N/A

94
92
49
N/A
79
N/A
92
N/A
83
26
92
63
38
N/A

Mean
SST
(SEM)

Mean
chl a
(SEM)

26.3 (0.09)
27.0 (0.12)
27.5 (0.10)
N/A
25.5 (0.17)
N/A
26.5 (0.09)
N/A
26.6 (0.06)
27.8 (0.12)
28.0 ((0.07)
27.3 (0.28)
28.1 (0.29)
N/A

0.49 (0.026)
0.50 (0.019)
0.52 (0.037)
N/A
0.20 (0.005)
N/A
0.45 (0.015)
N/A
0.35 (0.019)
0.82 (0.200)
0.19 (0.013)
0.28 (0.013)
0.38 (0.97)
N/A

Mean
Mean
estimated estimated
SD MPT SD MPT
(lon)
(lat)
0.567
0.371
0.885
N/A
0.598
N/A
0.714
N/A
0.652
0.808
0.444
0.351
0.815
N/A

0.320
0.140
0.341
N/A
0.166
N/A
0.390
N/A
0.286
0.461
0.217
0.183
0.313
N/A
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Fig. 2. Lepidochelys olivacea. Raw (dashed line) and most probable track (MPT) data (solid line) derived from Kalman filter statespace (KFSST) model for individual turtles from tag deployment locations (star). Associated ϕlat value indicates confidence
intervals for the estimates between 0.32 and 0.46

archival tags technology, which utilizes light-based
geolocation technology, to determine the horizontal
movement patterns and associated environmental features for olive ridley sea turtles in the ETP. PSATderived geolocations were used to determine olive ridley turtles’ MPTs using a filtering model known as
KFSST that uses longitude, latitude and SST. Based on

the reconstructed tracks from each turtle, we identified
key oceanographic features, such as SST, chl a, as well
as regions of upwelling that characterize turtles’ preferred habitat, thus suggesting the potential utility of
light-based data to identify features associated with
turtles’ distribution in the region.
One of the limitations in using raw light-based
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Fig. 3. Lepidochelys olivacea. Raw (dashed line) and most probable track (MPT) data (solid line) derived from KFSST model
for individual turtles from tag deployment locations (star). Associated ϕlat value indicates confidence intervals for the
estimates between 0.14 and 0.22

geolocation data is that, unlike conventional satellite
tags, geographic position estimates are computed from
the record of light intensity, which can lead to questions of accuracy. Precision of raw estimates can be
vastly improved through the use of the KSST filtering
model; however, without the benefit of knowing an
animal’s true position, it is impossible to determine

exactly how much accuracy is improved by using the
most probable track from KFSST over the raw geolocations.
Here, we quantified the reduction in error estimates
(a reflection of increased accuracy) between the raw
PSAT geolocation data vs. the KFSST-derived MPTs by
using a fraction of the average standard deviations for
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Fig. 5. Frequency distributions of sea surface temperatures (SST) and chl a for individual turtles (A, C, L, J, E) in the Eastern
Tropical Pacific
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Fig. 6. Lepidochelys olivacea. Sea surface temperature (SST)
readings from all turtles (open bars) and mean weekly average SSTs for the geographic area (8 to 13°N) and (86 to 91°W)
and temporal period (29 Nov 2001 to 15 Aug 2003) in which
turtles occurred (filled bars)

both latitudinal and longitudinal errors.
Our analysis calculated a mean value of ϕlon = 0.62
and ϕlat 0.28, indicating that the confidence intervals
for the estimates were reduced on average almost onehalf and one-quarter of their original lengths by using
KFSST for longitude and latitude, respectively. By reducing the latitudinal error estimates by half, it seems
justifiable to use the resulting turtle MPTs in a tracking
study at the analysis level between fronts and eddies
given the relatively large scale (~50 to 100 km) (Figs. 1
& 2). The accuracy of archival tag data before and after
similar filtering efforts was recently reported by Wilson
et al. (2007) whereby whale sharks Rhincodon typus
tagged with both PSAT (light-based geolocation) and
SAT (Argos-based satellite geolocation) tags resulted
in overlapping tracks between modeled MPT and SAT
data. Given these results, we are confident that the
reconstructed MPTs lend themselves well to further
understanding of environmental features, including
thermal preferences, chlorophyll levels, and oceanographic fronts associated with sea turtle movements
and distributions.
Information on a population’s thermal ‘preference’
or defining boundaries within a specified thermal
range can be instrumental in establishing measures to
reduce the incidental and unwanted interactions of
protected species that co-exist with target species
(Kobayashi et al. 2008). For example, use of online
real-time maps to characterize habitat utilization of
loggerhead sea turtles have recently been developed
to help reduce interactions between Hawaii-based
longline fishing vessels and loggerhead turtles in the
North Pacific Ocean. The movements of olive ridley

turtles in the ETP are complex, with water temperatures assumed to play a primary role in influencing
distributions (Plotkin 2003). Swimmer et al. (2006)
previously described turtles’ vertical movements,
reporting that the turtles spent nearly 100% of their
time in the top 60 m, corresponding to temperatures
between 22 and 28°C. To more fully characterize a
thermal ‘preference’, which can be achieved behaviorally by both altering vertical (e.g. dive patterns)
and horizontal movements (Swimmer et al. 2006), we
examined turtles’ associated SSTs using AVHRR data
associated with turtles’ geolocations as determined by
MPTs relative to available thermal habitats in their
surroundings. Using data from a single day where turtles were tracked in a specific area, we marked the
locations of 5 olive ridley turtles and found that
despite a relatively wide range of available temperatures within 1 or 2 d swimming distance, all turtles
remained in water with temperatures between 26 and
28°C, suggesting preference for a limited range of
temperatures. Polovina et al. (2004) previously described a high association of olive ridley turtles within
the 27°C isotherm in the North Pacific Ocean and
suggested a strong correlation with the distribution of
suitable prey items, which is a likely phenomenon
affecting the distribution of sea turtles in the ETP.
The role of chlorophyll and thermal structure in
relation to marine turtle distributions is not clearly
understood. Independent of other features such as
prey abundance, chl a gradients alone are unlikely to
drive the distribution of higher-trophic level organisms such as sea turtles. However, chl a gradients are
associated with the abundance and distribution of
other marine invertebrates known as prey items for
olive ridley turtles. It has been speculated that olive
ridley turtles may be opportunistic foragers, as similarly described for loggerhead turtles in the North
Pacific and green turtles in the ETP (Polovina et al.
2001, Seminoff et al. 2008). Based on the generated
MPTs for olive ridley turtles in this study, we found
that in general, turtles were associated with chl a gradients ~0.4 mg m– 3, which were likely influenced by
seasonal variability.
The question of olive ridley movements in relation
to oceanographic fronts has been previously considered, with mixed results. While earlier studies speculated that sea turtles primarily used surface currents
to aid in passive transport (Carr et al. 1978), later
studies of satellite-tracked olive ridleys in the ETP
and North Pacific Ocean provided evidence of turtles
swimming against prevailing currents (Polovina et al.
2004, Beavers & Cassano 1996). In studies on the foraging and migration habitats of sea turtles in the central North Pacific Ocean, Polovina et al. (2001, 2004)
found clear associations between loggerhead turtles
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able prediction of the distribution of both commercially
and fronts, eddies, and geostrophic currents. Howvaluable species (e.g. tunas) and protected species
ever, this relationship was not clearly defined for olive
such as sea turtles in order to improve fisheries manridley turtles, perhaps in part due to difference in the
agement efforts to reduce the interactions between
genetic stock of the animals tracked, as speculated by
fisheries and marine turtles.
the authors (Polovina et al. 2004). The data analyzed
in the present study is also inconclusive with regard
to olive ridleys’ use of oceanic current. The MPT for
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