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Abstract Light-based archival tags are increasingly being used on free-ranging marine
vertebrates to study their movements using geolocation estimates. These methods use algorithms
that incorporate threshold light techniques to determine longitude and latitude. More recently,
researchers have been using sea surface temperature (SST) to determine latitude in temperate
regions. The accuracy and application of these algorithms have not been validated on freeranging birds. Errors in both geolocation methods were quantified by double-tagging Laysan
(Phoebastria immutabilis Rothschild) and black-footed (P. nigripes Audubon) albatrosses with
both leg mounted archival tags that measured SST and ambient light, and satellite transmitters.
Laysan albatrosses were captured and released from breeding colonies on Tern Island,
northwestern Hawaiian Islands (23° 52’N, 166° 17’W) and Guadalupe Island, Mexico (28° 31’N,
118° 10’W) and black-footed albatrosses were from Tern Island. Studies were carried out
between December 2002 and March 2003. For all birds combined, the mean ± SD Great Circle
(GC) distance between light-based locations and satellite derived locations was 400 ± 298 km (n
= 131). Errors in geolocation positions were reduced to 202 ± 171 km (n = 154) when lightbased longitude and SST-based latitude (i.e. SST/light) were used to establish locations. The
SST/light method produced comparable results for two Laysan albatross populations that
traveled within distinctly different oceanic regions (open ocean vs. more coastal) whereas lightbased methods produced greater errors in the coastal population. Archival tags deployed on
black-footed albatrosses returned a significantly higher proportion of lower quality locations,
which was attributed to interference of the light sensor on the tag. Overall, the results
demonstrate that combining measures of light-based longitude and SST-based latitude
significantly reduces the error in location estimates for albatrosses, and can provide valid latitude
estimates during the equinoxes, when light-based latitude measurements are indeterminate.
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Introduction
Understanding the spatial and temporal scales over which animals operate is a fundamental
interest of ecologists because it provides significant insight into how they interact within their
environment (Schneider 1994). Marine birds, turtles, mammals, and fish associate with oceanic
processes at fine to ocean-basin scales (Hunt Jr. et al. 1999; Le Boeuf et al. 2000; Polovina et al.
2000; Bradshaw et al. 2002; Fritz et al. 2003) but their responses to specific oceanographic
features are often difficult to ascertain because continuous observation of individuals at sea is
often impractical. Development of microprocessor-based electronic archival tags and transmitters
(i.e. tracking devices) has given researchers more remote tools to track free-ranging marine
vertebrates at sea (Costa 1993; Gunn et al. 1994; Le Boeuf et al. 2000; Polovina et al. 2000;
Boustany et al. 2002; Weimerskirch et al. 2002).
A variety of methods have been used to examine the distribution of seabirds in relation to
spatial and temporal processes, including radio VHF tags (Anderson and Ricklefs 1987;
Pennycuick et al. 1990), satellite telemetry (Jouventin and Weimerskirch 1990; Davis and Miller
1992; Prince et al. 1992; Catard et al. 2000), light-based geolocation (Grémillet et al. 2000; Hull
2000; Weimerskirch and Wilson 2000; Phillips et al. 2004), and GPS (Weimerskirch et al. 2002;
Grémillet et al. 2004). Each method has inherent advantages and disadvantages but overall,
satellite telemetry using Argos-based receivers has been most commonly employed because the
accuracy of satellite-derived locations is generally within a few kilometers of the true location.
Accuracy depends on the frequency of instrument transmission and the latitude of the bird being
tracked, and multiple locations can be obtained per day (Fancy et al. 1988). Nonetheless, the use
of satellite telemetry to study long-term movements (e.g. months to years) is problematic
because satellite platform terminal transmitters (PTTs) can place unreasonable weight and drag
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constraints on the bird. They are expensive if lost, power requirements limit the transmission
rate, and tag loss can be high due to attachment failure (reviewed by Phillips et al. 2004).
Light-based geolocation archival tags offer a promising alternative for long-term tracking
of free-ranging seabirds because the devices are small (< 10 g), are considerably cheaper than
satellite PTTs, and can be fixed more securely to leg bands thus avoiding the problem of
instrument loss during molt (Wilson et al. 2002; Phillips et al. 2004).
Despite the increasing use of light-based archival tags on seabirds (Grémillet et al. 2000;
Hull 2000; Weimerskirch and Wilson 2000; Phillips et al. 2004), we lack studies validating the
method’s accuracy. To date, only one study (Phillips et al. 2004) has quantified the error of
geolocation archival tags on a flying seabird. Stationary trials (Wilson et al. 1992; Welch and
Eveson 1999) and experiments on non-flying seabirds (Hull 1999), marine mammals (DeLong et
al. 1992; Le Boeuf et al. 2000; Beck et al. 2002), and free-swimming fishes (Teo et al. 2004)
have produced a wide range of geolocation error estimates (34–1,043 km from known locations,
reviewed by Phillips et al. 2004). In general, the greatest source of error in location estimates
using the geolocation method is attributed to the calculation of latitude (see below). We therefore
conducted additional tests on different species at different locations to characterize the
performance of this methodology on free-ranging seabirds more accurately.
To calculate a location on the globe using light-based geolocation, accurate estimates of
the times of sunrise and sunset are critical for determining longitude and latitude (DeLong et al.
1992; Gunn et al. 1994; Welch and Eveson 1999; Musyl et al. 2001). Small errors in the
estimates of day length can generate significant errors in latitude estimates, and errors in latitude
increase as day of the year approaches a solar equinox (DeLong et al. 1992; Hill 1994; Welch
and Eveson 1999; Musyl et al. 2001). Variation in the accuracy of geolocation can also vary with

5

type of tag and algorithms used to determine the locations (Welch and Eveson 1999; Musyl et al.
2001). Lastly, large directional movements over short time intervals by a subject can also
increase the errors in estimated day length thereby contributing to errors in location estimates
based on light levels (Welch and Eveson 1999). This last concern applies to fast moving birds
like albatrosses and petrels because they may travel hundreds of kilometers per day (Pennycuick
1982; Alerstam et al. 1993; Catard et al. 2000; Weimerskirch et al. 2002). In the North Pacific,
three albatross species (Laysan, Phoebastria immutabilis; black-footed, P. nigripes; short-tailed,
P. albatrus) breed in sub-tropical waters but range into sub-arctic waters to the north while
foraging. These albatross species offer a good platform to test the accuracy of light-based
geolocation because they travel over a wide range of latitudes, originating from low latitude
breeding sites (e.g. 20–30°N).
Given the larger errors in latitude of light-based geolocation, especially around the solar
equinoxes, measures of sea surface temperature (SST) have been suggested as a means of
improving estimates of latitude (Smith and Goodman 1986; DeLong et al. 1992; Gunn et al.
1994; Hill 1994). Recently, two studies developed and tested algorithms to improve location
estimates based on a combination of threshold light techniques for estimating longitude and SST
to estimate latitude (Beck et al. 2002; Teo et al. 2004). Both studies showed that overall errors in
location estimates were reduced by a factor of 4–10 when latitude was calculated from measures
of SST collected by the archival tag and compared to SST obtained from orbiting satellites. This
method can also estimate latitude during the equinoxes when calculations based on light levels
are indeterminate (DeLong et al. 1992; Musyl et al. 2001).
The objective of the present study was to validate and compare the use of light-based and
SST-based (i.e. SST/light) geolocation estimates of location with satellite telemetry on free-
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ranging birds. These tests were performed on two albatross species at two breeding sites in the
North Pacific Ocean. Each bird was equipped with a satellite transmitter and a geolocation
archival tag that measured light and SST. Because both breeding colonies are at relatively low
latitudes (23°N and 28°N) yet these albatrosses travel to high latitudes to feed, we were able to
evaluate the performance of geolocation archival tags on fast moving birds that cover an
expansive area of the North Pacific Ocean.

Methods and materials
The movement patterns of ten Laysan (Phoebastria immutabilis Rothschild) and seven blackfooted (P. nigripes Audubon) albatrosses were studied during the incubation and chick-brooding
periods from December 2002 to February 2003 on Tern Island, French Frigate Shoals,
northwestern Hawaiian Islands (23° 52’N, 166° 17’W). Another 12 Laysan albatrosses were
studied during the same reproductive periods from January to March 2003 on Guadalupe Island,
Baja California, Mexico (28° 31’N, 118° 10’W).
Tracking devices: satellite transmitters and archival tags
To compare the accuracy of the tracking devices, each bird carried both a 30-g satellite PTT
(Pico-100, Microwave Telemetry, Columbia, Maryland, USA) and a 6-g geolocation archival tag
(hereafter called an archival tag or tag; Lotek LTD 2400, Lotek Wireless., St. John’s,
Newfoundland). The combined mass of these devices was approximately 1% of total bird body
mass. Satellite PTTs were attached to feathers on their backs with Tesa® tape (Weimerskirch et
al. 1994) and were programmed to transmit a radio signal every 90 s. PTT transmissions were
localized by orbiting satellites of the Argos system (Fancy et al. 1988). Archival tags were
attached to plastic identification bands placed around each bird’s tarsus. The tags recorded light
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intensity every 60 s (Fig. 1a), processed the light data onboard with proprietary algorithms from
the manufacturer, and recorded the estimated daily longitude and latitude to a ‘day log’.
Longitude was determined from the difference between noon in UTC (Coordinated Universal
Time) and the time of local solar noon or midnight, and latitude was estimated from the total
length of each daytime or nighttime cycle (Ekstrom 2004). The clock on the tags recorded each
parameter in relation to UTC, not local time.
Testing the effects of archival tag placement
Eight birds (three Laysan and two black-footed albatrosses from Tern Island and three Laysan
albatrosses from Guadalupe Island) were equipped with a PTT and two archival tags (~42 g total
which was 1.1–1.4% of body mass): one attached to the tarsus and the other mounted on the back
next to the satellite PTT. This allowed us to test the effects of light interference from feather
coverage and/or behavior because albatrosses often tuck their legs into body feathers during
flight and extend them when they land or take off, which can affect the amount of light exposure
to the sensor on the tag. We assumed that tags placed on the bird’s back would experience less
light interference from feather coverage. These tests also allowed us to test tag orientation in
relation to placement on the bird’s body.
Stationary trials
We conducted five trials with individual Lotek LTD 2400 archival tags fixed to a stationary
object at two sites. One trial was conducted on Tern Island from 26–30 December 2002. Four
other trials were conducted at Snares Island, New Zealand (48° 01’ S, 166° 36’ E) from 14–24
February 2003. Tags were placed either at the top of a small building (Tern Island) or on the
branch of leafless tree (Snares Island) to maximize light exposure. In either case, the building or
tree was < 20 m above sea level. Tags were left to collect data for 5–10 d and the true location of
8

each stationary object was established with a handheld GPS (eTrex Venture, Garmin®, Olathe,
Kansas).
Potential errors in geolocation estimates
Latitude estimates are highly sensitive to errors in day length determined with light-based
geolocation (Welch and Eveson 1999; Musyl et al. 2001; Teo et al. 2004). In order to improve
accuracy in latitude estimates, the archival tags were also programmed to record environmental
temperatures (±0.1°C) at 32-s intervals. The time taken for the temperature sensor to record a
step change of 90% in temperature was approximately 60 s. Since the tags were placed on the
bird’s tarsus, abrupt changes in temperature were likely to represent a change in activity level
such as landing or taking off from the sea surface (Weimerskirch et al. 1995; Wilson et al. 1995;
Weimerskirch and Guionnet 2002; Wilson et al. 2002). Stable temperatures would indicate
periods when the bird was sitting on the sea surface (Fig. 1b; Weimerskirch et al. 1995; Wilson
et al. 1995). Tag temperatures would tend to be higher (i.e. closer to body temperature) and more
variable when birds were off the water because albatrosses either tuck their legs under feathers
(Weimerskirch and Guionnet 2002; Wilson et al. 2002) or extend them when landing and taking
off. Thus, whenever the tag recorded a stable low temperature for >20 min, we assumed that the
bird was on the water and the tag was measuring SSTs. Since the 20-min period was much
longer than the lag time of the tag and the temperature was stable during this time period, the lag
time of the tag did not affect the accuracy of the recorded SSTs.
The SST data and the light-based longitudes collected by each tag were then compared to
remotely sensed SST data (see below) to estimate the daily latitudes using an algorithm
described by Teo et al. (2004). Essentially, a pixel in the remotely sensed reference SST grid that
intersects the light level longitude estimate and the northern latitudinal limit was identified.
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Assuming the bird was in the northern hemisphere, latitudinal searches were limited to a range
from 0 to 70° N. The search area within the reference SST grid was then established around the
specified pixel. For this study, we assumed that albatrosses could randomly sample the ocean
surface within a 500×300 km area for each day (longitude and latitude, respectively), although
the search grid was centered on the light-based longitude of the specified day. The SSTs within
this search area were compared to the SSTs measured by the tag to determine how well they
matched. After this, the algorithm moved to the next pixel south of the original pixel and the
process was repeated until the southern latitudinal limit was reached. Three indices were used in
turn to match the SSTs, and the center of the best matching search area was considered the mean
location of the albatross for the given day. The three indices were: 1) the weighted sum of the
number of matching SSTs, 2) the sum of squares of the differences between the proportion of
SSTs measured by the tag and the expected proportion of SSTs in the search area, assuming that
the surface sampled was a bivariate Gaussian distribution, and 3) the weighted sum of the
number of matching pixels within the search area. A complete description of the algorithm can
be found in Teo et al. (2004).
An iterative simulation using data from four birds showed that a search area of 500×300
km within the SST grid consistently produced the lowest errors. This was also biologically
reasonable because the Argos data demonstrated that the albatrosses traveled on average 528 ±
166 km d-1. The remotely sensed SST grids used in this study were equal angle, global, 8-day
composites of nighttime SST grids from the moderate resolution imaging spectroradiometer
(MODIS, ftp://podaac.jpl.nasa.gov, thermal IR SST, 0.1°C and 4 km resolution). Thus, we
obtained two estimates of geolocation: one based purely on measurements of light (i.e. “light”)
and the other based on light-based longitudes and SST-based latitudes (i.e. “SST/light”).
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Evaluation of location quality
Location data obtained from the satellite PTTs were filtered using purpose-built routines from
the IKNOS toolbox (Y. Tremblay, unpubl.) developed with MATLAB software (The
MathWorks, Natick, Massachusetts). The filtering routine used five criteria to determine the
validity of an Argos location: 1) realistic travel speeds (< 90 km h-1) of a bird between
consecutive locations; 2) the change in azimuth of a bird between consecutive locations; 3) the
Argos location class (i.e. 1–3 were “trusted” whereas 0, A, and B, were “checked”); 4) the time
elapsed between consecutive locations (>12 min); and 5) whether a location was on land or at
sea.
To illustrate the variability in accuracy of geolocation positions, both raw (unfiltered) and
post-processed (filtered) locations were presented. However, the range of errors for raw locations
was large, so only the median, minimum, and maximum of errors were presented. All raw
locations were then filtered in a sequence of steps to eliminate unrealistic positions. These data
were then used in the remaining statistical analyses. The filtering process began with the removal
of locations that were estimated with light level threshold curves that contained gross anomalies
in light conditions around the time of sunset and sunrise (Gunn et al. 1994; Phillips et al. 2004;
Teo et al. 2004). These anomalies greatly affect the accuracy of geolocation estimates and can
result from interference of the light sensor on the archival tag due to feather coverage, bird
activity around the time of sunset or sunrise, and or weather conditions (Phillips et al. 2004).
SST/light-based geolocation positions were further inspected for anomalous latitude estimates
that resulted from the comparison between tag-derived SSTs and remotely sensed SSTs in
regions with substantial cloud cover. Locations involving comparison of SSTs within a search
grid that contained >80% cloud cover had too few SST measurements for the algorithm to
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reliably determine latitude (Teo et al. 2004). Therefore, these locations were removed from the
analysis. Finally, all remaining geolocations were validated using the speed filter developed for
the Argos data. However, locations were only checked for realistic travel speeds (< 35 km h-1
during a 48 hr period; this study; Phillips et al. 2004) between geographical positions.
In order to compare Argos and geolocation positions, we condensed the Argos fixes into
a single daily longitude and latitude to match the time resolution output of the Lotek LTD 2400
archival tags, which was a single location d-1. Geolocation estimates determined by Lotek LTD
2400 archival tags are based on a UTC day. Thus, in the North Pacific region, the tag estimated
longitude based on the midpoint between sunset and sunrise (i.e. local midnight). Similarly,
Argos receivers calculate geographical positions based on a UTC day. Therefore, single daily
Argos locations were determined by interpolating the longitude and latitude of a bird’s location
between consecutive Argos fixes that matched the time (in UTC) equidistant between sunset and
sunrise measured by the archival tag (i.e. local midnight; Fig. 1a). Assuming an albatross’
trajectory between consecutive locations was straight, the interpolated position (hereafter called
the Reference location or Ref) should be the most comparable location with that estimated by the
archival tag. For comparison with other studies (e.g. Beck et al. 2002; Phillips et al. 2004 –
nighttime locations only), we also averaged all valid Argos locations (hereafter called Avg.
Argos) obtained in a 24-h period into a single longitude and latitude for that given day and
compared this to the Reference location and the geolocation positions. Our analysis included
only those days for which a valid location was obtained with each method: 1) Reference location,
2) Avg. Argos, 3) light-based geolocation, and 4) SST/light-based geolocation.
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Statistical analyses
Since the Longitude-Latitude coordinate system is not isometric (i.e. one degree of longitude
does not represent the same distance at all latitudes), we calculated the absolute error (Great
Circle [GC] distance) between locations estimated with each method (i.e. Avg. Argos, light, and
SST/light) and the corresponding Reference location established with Argos data. For
comparison with other studies, we also present geolocation errors as the standard deviation (SD)
of longitudinal and latitudinal differences (in °) with respect to Reference locations. Statistical
analyses were performed using SYSTAT 10.2 (SPSS Inc, Chicago, Illinois) with a significance
level of P ≤ 0.05 for statistical tests. All data are presented as mean ± 1 SD.

Results
A total of 304 at-sea tracking days (from Argos data) were available, with 13.2 ± 2.8 (range 7–
20) Argos locations d-1 for each bird. After filtering, 77.0% of Argos locations were accepted as
valid. A total of 226 geolocation estimates was obtained from the archival tags for comparison
with Argos Reference locations.
Albatross distribution at sea
The overall distribution of albatrosses at sea determined by Argos locations differed by species
and breeding location. Laysan albatrosses from Tern Island frequented higher latitudes (n = 123
d, mode = 40°N, range = 24.7°) and traveled over a broader range of longitudes (n = 123 d, mode
= 158°W range = 58.0°) than the other study groups. Black-footed albatrosses had the most
restricted range of movement in both latitude (n = 40 d, mode = 36°N, range = 15.3°) and
longitude (n = 40 d, mode = 167°W, range = 25.7°) compared to Laysan albatrosses from both
breeding sites. Laysan albatrosses from Guadalupe Island frequently remained at lower latitudes
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(n = 63 d, mode = 30°N, range = 22.0°) and within the California coast region, as reflected by
the modal longitude (n = 63 d, mode = 119°W, range = 34.7°).
Comparison of location errors
Avg. Argos positions differed from their corresponding Reference locations by an average GC
distance of 41.4 ± 30.6 km (range = 155 km, n = 226). However, the absolute difference in GC
distance (i.e. Ref – Avg. Argos) was on average, 26.9 ± 26.3 km (range = 135 km, n = 226).
The variability in geolocation error (i.e. GC distances) of unfiltered data was large. For
example, geolocation estimates based solely on light levels for all birds combined ranged from as
low as 5 km to as large as 17,516 km (Table 1). Similarly, errors from unfiltered SST/light-based
measurements ranged over several orders of magnitude (Table 1). Overall, the majority of error
in geolocation estimates was due to interference of the light sensor on archival tags because the
removal of locations that failed this quality check (23%; Table 1) reduced the maximum
geolocation error of both methods to 2,929 km for all birds combined. Further removal of
SST/light-based locations that were affected by high cloud cover (5.2%), and other locations that
failed the speed filter (24.7% for light-based locations and 11.5% for SST/based locations)
resulted in 131 valid locations based on light levels and 154 valid locations based on SST/light
(original for both was 226 locations). Interestingly, 75% of all unfiltered locations for blackfooted albatrosses (n = 40) were removed due to interference of the light sensor on the tag, but
none of the remaining locations failed either of the other filtering procedures (Table 1).
The mean error (i.e. GC distance) of all filtered light-based locations was 400 ± 298 km
whereas the mean error of all filtered SST/light-based locations was 202 ± 171 km. There was no
overlap in the 95% Confidence Intervals (CI) of the means between each geolocation method,
suggesting that SST/light-based measurements produced significantly lower errors overall, in
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location estimates (Table 1). This trend was similar for Laysan albatrosses at both study
locations. However, the variability in location errors for black-footed albatrosses was larger than
for Laysan albatrosses and there was overlap in the 95% CI of the mean errors of locations
determined with each methodology (Table 1).
Longitude errors in geolocations were less than latitude errors (Table 1). Thus, errors in
geolocation positions compared to Argos locations were mostly attributed to larger inaccuracies
of latitude estimations. In addition, these latitudinal errors were larger and more variable for
estimates calculated from light level data compared to SST measurements for all birds combined
(Table 1). This trend also influenced the distribution of errors with respect to Argos-based
Reference locations for each geolocation method and albatross species (Fig. 2). The trend was
similar for Laysan albatross from both study sites, but was opposite for black-footed albatrosses.
Given the measurement errors of each geolocation method, it was possible to compare the
utility of each to recreate the track of an albatross at sea. Figure 3 (a & b) shows the at-sea
movements of two albatrosses where each track was created using locations determined with the
Argos-based Reference location, and each geolocation method. Although light-based geolocation
estimates were comparable to the Reference location in some cases (e.g. Fig. 3), estimates based
on SST/light appeared to more accurately represent the movement patterns of each albatross.
Testing the effects of archival tag placement
A total of 36 comparable tracking days were obtained from archival tags simultaneously
deployed on the backs and legs of eight albatrosses (six Laysan and two black-footed). There
was no significant effect of tag placement on light-based geolocation estimates after data were
filtered (n = 21 comparable days).
Stationary trials
15

The mean geolocation error in stationary trials with the archival tags was 109 ± 58 km (n = 24 d)
from the true location measured with GPS. The SD in light-based longitude error was 0.48° and
the SD in light-based latitude error was 2.25°.

Discussion
Our results demonstrate that geolocating archival tags can be used to track basin-scale
movements of free-ranging albatrosses with an average accuracy of 202–400 km from a “true”
location. The accuracy of geolocation estimates, however, can be influenced by the method used
to determine latitude (light levels vs. SST). Interestingly, our error measurements for light-based
geolocation of flying albatrosses were greater than those reported in a similar study on blackbrowed albatrosses (Thalassarche melanophrys Temminck) at South Georgia Islands (54°S,
38°W) (Phillips et al. 2004). Employing a similar study design to ours, mean geolocation error
using light-based methods was 186 ± 114 km, or less depending on the amount of post
processing (Phillips et al. 2004). When light levels and SST measurements were combined to
determine geolocation, however, the inaccuracies in our light-based estimates were reduced to a
level comparable to those of Phillips et al. (2004).
The results of our stationary trials were similar to static trials reported elsewhere
(DeLong et al. 1992; Wilson et al. 1992; Welch and Eveson 1999; Musyl et al. 2001; Beck et al.
2002; Phillips et al. 2004) suggesting that there were no major differences in the quality of our
geolocation archival tags compared to those used in other validation studies.
Potential sources of error in geolocation estimates
Albatrosses in our study originated from breeding colonies at sub-tropical latitudes (23–28°N)
and while at sea, modal latitudes of both species were between 30°N and 40°N. These latitudinal
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ranges are considerably lower than those of albatrosses studied at South Georgia. This latitudinal
difference could partially explain why our light-based geolocation estimates exhibited larger
errors than those reported by Phillips et al. (2004) because the calculation of light-based latitude
is subject to larger errors when day/night differences are less pronounced (e.g. lower latitudes).
Thus small differences in day length determination can cause substantive errors in latitude
calculations, particularly of moving objects (DeLong et al. 1992; Hill 1994; Welch and Eveson
1999; Ekstrom 2004). In contrast, stationary tags deployed at low latitudes can estimate
geographical positions with lower errors (this study; Musyl et al. 2001). Nevertheless,
implementation of a latitude correction based on SSTs measurements can substantially reduce
geolocation errors for subjects studied at low latitudes (this study; Teo et al. 2004) because SST
changes sharply between 20°N and 30°N (Pickard and Emery 1990).
Another potential source of error in our geolocation estimates could be related to the fact
that many birds in our study, especially Laysan albatrosses from Tern Island, exhibited a
pronounced tendency for broad longitudinal movements (nearly 60°). Albatrosses are capable of
traveling at least 500 km d-1 (determined from satellite data) and significant movement in a
longitudinal direction can affect geolocation estimates by either increasing or deceasing day
length (Hill 1994; Ekstrom 2004).
In the present study, our calculation of geolocation error was based upon comparisons to
an Argos-based Reference location rather than the average of all Argos locations over a given
day. The absolute difference between comparisons of geolocation errors to the Reference
location vs. averaging Argos locations was 27 km. We believe that the Reference location was a
more accurate comparison to geolocation estimates because it encompassed the location of the
albatross that was based upon the time period used to estimate longitude by the archival tag.
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Thus, future validation studies should weigh carefully the potential errors in averaging Argos
locations in comparison to an interpolated location when comparing geolocation estimates to
Argos data.
The results of our trials on albatrosses fall within the range of estimated geolocation
errors (94–1,043 km) measured on other marine vertebrates (DeLong et al. 1992; Hull 1999;
Beck et al. 2002; Phillips et al. 2004; Teo et al. 2004). Unlike our study and that of Phillips et al.
(2004), however, all previous validation studies were performed on diving and swimming
vertebrates that travel at slower speeds than the albatrosses. For example, Beck et al. (2002)
compared SST/light-based geolocation to Argos locations in a validation study on grey seals
(Halichoerus grypus Fabricius) and measured errors in geolocation of only 94.2 ± 8.22 km from
the satellite derived positions. The small errors were likely due to the fact that the seals were
studied at latitudes above 40°N and were moving much more slowly (< 148 km d-1) than the
albatrosses. Similar results were also observed in validation experiments on sharks and tunas
(Teo et al. 2004). Seals, sharks, and tunas spent a considerable amount of time at or near the
surface, so sensors on these vertebrates would collect more SST data. This would allow greater
precision and accuracy of latitude estimates based on SST measurements (Teo et al. 2004). Even
though albatrosses fly rapidly over the sea surface with sporadic landings on the sea surface, our
study and that of Phillips et al. (2004) demonstrate that light- and SST/light-based geolocation
can be used to study albatross movements over broad spatial and temporal scales with results that
are comparable to those of other marine vertebrates.
Population differences in geolocation errors of Laysan albatrosses were only apparent in
light-based estimates. Larger errors in light-based geolocation were observed in Laysan
albatrosses from Guadalupe Island, which may have been due to latitudinal regions frequented
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by each population (mode = 40°N vs. 30°N for Tern and Guadalupe Islands, respectively) and
the effect this had on light-based latitude estimates. Furthermore, each population of Laysan
albatross utilized distinctly different oceanographic provinces of the North Pacific Ocean (Y
Tremblay and WR Henry unpubl.), yet geolocation errors based on SST/light measurements
were nearly identical. Albatrosses from Tern Island traveled within oceanic regions of the central
North Pacific (Y Tremblay unpubl.) whereas albatrosses from Guadalupe Island traveled mainly
within the eastern North Pacific (WR Henry unpubl.), which is heavily influenced by the
California Current system. Thus, we might expect the stratification of SSTs within each oceanic
province to vary considerably. Nevertheless, the SST/light-based geolocation algorithm of Teo et
al. (2004) produced comparable results for albatrosses that utilize broadly different oceanic
regions.
Our study suggests that geolocation accuracy, or more correctly tag performance, could
be species-dependent. A high proportion of locations obtained from archival tags deployed on
black-footed albatrosses were discarded compared to locations obtained from Laysan albatrosses.
We offer three hypotheses to explain this difference. Black-footed albatrosses frequented oceanic
regions that were typically 5° lower in latitude than Laysan albatrosses breeding at the same
island, which could have influenced light-based estimates. Black-footed albatrosses also have
dark feather plumage whereas Laysan albatrosses have white plumage. If feathers obscure the
light sensor on the tag, dark feathers will absorb more ambient light than white feathers, which
should reflect ambient light. Behavioral differences between species could also have influenced
location quality. For example, if black-footed albatrosses were more active at dawn or dusk,
measures of sunset and sunrise could be subject to error, which would affect longitude estimates.
Archival tag placement
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Many factors can influence the accuracy of light-based geolocation. These include season,
latitude, weather, the precision of the clock and oscillator temperature corrections used by the
tags, and algorithms used to calculate geolocation (Hill 1994; Welch and Eveson 1999; Musyl et
al. 2001; Ekstrom 2004). Tag placement on a subject’s body has received less attention. Our dual
deployments with an archival tag on the back and leg of the same individual were designed to
examine this. The results indicated no effect of tag placement on the performance of our
geolocation devices. This was important to determine because it is generally not practical to
deploy archival tags onto the back feathers of albatrosses since the birds molt between breeding
events (Warham 1996). Thus, for deployments of 6–12 months, archival tags need to be attached
to a bird’s leg to ensure tag retention, and our results demonstrate that this would not likely
change the accuracy of the measurements. Furthermore, tags placed on the backs of the
albatrosses would not collect SSTs.
The utility of combining measures of light level and SST to estimate location and behavior
Our analyses show that SST/light-based geolocation improves the accuracy of location estimates
over light-based geolocation in North Pacific albatrosses. Similar improvements have been
reported in studies on free-ranging marine mammals (Le Boeuf et al. 2000; Beck et al. 2002),
and sharks and tuna (Teo et al. 2004). A major advantage of using SST-based latitudes in
geolocation is the ability to determine an individual’s location during the autumnal or vernal
equinoxes when day/night cycles are nearly equivalent at all latitudes on the globe.
Consequently, latitude estimates are indeterminate whereas longitude estimates are unaffected
(Wilson et al. 1992; Musyl et al. 2001; Phillips et al. 2004). Our study ended just prior to the
vernal equinox so we did not test this directly. However, we are confident that our method of
combining light-based longitude and SST-based latitude would have yielded viable locations
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with similar accuracy. Studies on free-ranging fish (e.g. Teo et al. 2004) have already validated
this method to study movements during equinox periods.
Although mean errors from light-based longitudes and SST-based latitude geolocation
were lower compared to light-based estimates, SST/light-based estimates did produce larger
errors in some instances (Fig. 2). This may have resulted from albatrosses frequenting regions
with an abundance of surface mixing. For example, these birds’ quite possibly sampled areas
with fine scale mixing along constant latitudes, such as oceanographic frontal system or eddy
(Hunt et al. 1999). Ultimately, this can lead to more variability in SSTs measured by orbiting
satellites and by the archival tags placed on the albatrosses, which may reduce the algorithm’s
ability to estimate latitude for a given longitude. Nevertheless, when surface waters are stratified
by temperature along latitudinal gradients, the SST/light algorithm is robust (Teo et al. 2004). In
the future, it would be interesting to determine if the SST/light algorithm is as robust at high
latitudes where water temperatures are lower and more uniform compared to the range of
latitudes and SSTs measured by the albatrosses in our study (2–29°C). Significant cloud cover
can also obscure remotely sensed SSTs. Thus, on days with considerable cloud cover in a region
where our albatrosses were tracked (9 total), the algorithm could not produce a valid latitude
estimate, resulting in the loss of daily locations or the inflation of latitudinal errors.
Another advantage of using archival tags that record SST is the ability to link an
individual’s geographic location with a measure of its physical environment (Weimerskirch et al.
1995). This information is useful for describing habitat preferences and/or foraging grounds.
Numerous studies have linked individual behavior to specific oceanographic features based on
environmental temperatures recorded by an archival tag attached to an individual (e.g.
Weimerskirch et al. 1995; Guinet et al. 1997; Block et al. 2001; Beck et al. 2002; Pütz 2002). In
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our study, archival tags mounted to leg bands on the albatrosses recorded SSTs when birds
landed on the sea surface for extended periods (Fig. 1b). A previous study (Fernández and
Anderson 2000) determined that Laysan and black-footed albatrosses land on the sea surface 30–
60 times a day. Therefore, it is likely that we obtained several thousand SST measurements from
each bird during our study. These data could be used to establish preferred foraging zones based
on latitudinal stratification of SSTs, meso-scale oceanographic features, and current transition
zones.
Temperature changes measured by the archival tags can also be used to distinguish
activity patterns of the albatrosses (Fig. 1b; Wilson et al. 1995; Weimerskirch et al. 1997;
Weimerskirch and Guionnet 2002). These changes in activity may be useful for establishing
foraging effort and metabolic costs (Weimerskirch et al. 2000; Shaffer et al. 2001).
In conclusion, archival tags that record light level longitude and animal-collected SSTs
can be used in combination to provide geolocations within 202 km of positions determined with
satellite telemetry. Although location accuracy is much lower and more variable using archival
tags compared to conventional satellite telemetry, the spatial scales over which albatrosses
operate are substantially greater than the errors obtained using geolocation. Thus, it is possible to
obtain long-range movement patterns of albatrosses with an accuracy that is comparable to
meso-scale oceanographic processes occurring on a scale of several hundred kilometers (present
study; Weimerskirch and Wilson 2000; Phillips et al. 2004). Consequently, archival tags offer an
inexpensive alternative to conventional satellite telemetry with the advantage of potential long
duration records, and the additional benefit of recording environmental temperature and pressure.
This may be useful for linking species habitat preferences to oceanic features or behavioral
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effort. In the future, these small geolocation archival tags will provide new opportunities for
studies on smaller seabirds that have more severe mass restrictions.
Acknowledgements
We thank D. Barton and K. Lindquist for assistance in the field, Dr. B. Flint and the US Fish &
Wildlife Service for logistical support on Tern Island, and Groupo Ecologica Conservación de
Islas and the Mexican Navy for logistical support on Guadalupe. We also thank Dr. P. Raimondi
for statistical advice, P. Robinson for programming assistance, and L. Hutnick for assistance
with graphics. This research was part of the Tagging of Pacific Pelagics (TOPP) program, funded
in part by the National Ocean Partnership Program (N00014–02–1–1012), and the Office of
Naval Research (N00014–00–1–0880 & N00014–03–1–0651). All protocols employed in this
study were approved by the Institutional Animal Care and Use Committees at UCSC. This paper
is dedicated to AMS (b 19 October 2004).

23

References
Alerstam T, Gudmundsson GA, Larsson B (1993) Flight tracks and speed of Antarctic and
Atlantic seabirds: radar and optical measurements. Phil Trans Roy Soc London B 340:
55-67
Anderson DJ, Ricklefs RE (1987) Radio-tracking Masked and Blue-footed Boobies (Sula spp.)
in the Galapagos Islands. Nat Geog Res 3: 152-163
Beck CA, McMillan JI, Bowen WD (2002) An algorithm to improve geolocation positions using
sea surface temperature and diving depth. Mar Mamm Sci 18: 940-951
Block BA, Dewar H, Blackwell SB, Williams T, Farwell CJ, Prince ED, Boustany A, Teo SLH,
Seitz A, Fudge D, Walli A (2001) Electronic tags reveal migratory movements, depth
preferences and thermal biology of Atlantic bluefin tuna. Science 293: 1310-1314
Boustany A, Davis S, Anderson S, Pyle P, Block BA (2002) Satellite tags reveal expanded
ecological niche for white sharks in the North Pacific. Nature 415: 35-36
Bradshaw CJA, Hindell MA, Michael KJ, Summer MD (2002) The optimal spatial scale for the
analysis of elephant seal foraging as determined by geo-location in relation to sea surface
temperatures. ICES J Mar Sci 59: 770-781
Catard A, Weimerskirch H, Cherel Y (2000) Exploitation of distant Antarctic waters and close
shelf-break waters by white-chinned petrels rearing chicks. Mar Ecol Prog Ser 194: 249261
Costa DP (1993) The secret life of marine mammals: Novel tools for studying their behavior and
biology at sea. Oceanography 6: 120-128
Davis LS, Miller GD (1992) Satellite tracking of Adelie penguins. Polar Biol 12: 503-506

24

DeLong RL, Stewart BS, Hill RD (1992) Documenting migrations of northern elephant seals
using day length. Mar Mamm Sci 8: 155-159
Ekstrom P (2004) An advance in geolocation by light. Mem Nat Instit Polar Res, Special Issue,
No. 58: 210-226
Fancy SG, Pank LF, Douglas DC, Curby CH, Garner GW, Amstrup SC, Regelin WL (1988)
Satellite telemetry: A new tool for wildlife research and management. US Dept Interior,
USFWS, Washington, DC
Fernández P, Anderson DJ (2000) Nocturnal and diurnal foraging activity of Hawaiian
albatrosses detected with a new immersion monitor. Condor 102: 577-584
Fritz H, Said S, Weimerskirch H (2003) Scale-dependent hierarchical adjustments of movement
patterns in a long-range foraging seabird. Proc Roy Soc London B 270: 1143-1148
Grémillet D, Wilson RP, Wanless S, Chater T (2000) Black-browed albatrosses, international
fisheries and the Patagonian shelf. Mar Ecol Prog Ser 195: 269-280
Grémillet D, Dell'Omo G, Ryan PG, Peters G, Ropert-Coudert Y, Weeks SJ (2004) Offshore
diplomacy, or how seabirds mitigate intra-specific competition: a case study based on
GPS tracking of Cape gannets from neighbouring colonies. Mar Ecol Prog Ser 268: 265279
Guinet C, Koudil M, Bost CA, Durbec JP, Georges JY, Mouchat MC, Jouventin P (1997)
Foraging behaviour of satellite-tracked king penguins in relation to sea-surface
temperatures obtained by satellite telemetry at Crozet Archipelago, a study during three
austral summers. Mar Ecol Prog Ser 150: 11-20
Gunn J, Polacheck T, Davis T, Sherlock M, Bethlehem A (1994) The development and use of
archival tags for studying the migration, behaviour and physiology of southern bluefin

25

tuna, with an assessment of the potential for transfer of the technology to groundfish
research. ICES Mini Symposium on Fish Migration, ICES, Copenhagen, p 23
Hill RD (1994) Theory of geolocation by light levels. In: Le Boeuf BJ, Laws RM (eds) Elephant
seals: Population ecology, behavior, and physiology. University of California Press,
Berkeley, pp 227-236
Hull CL (1999) The foraging zones of breeding royal (Eudyptes schlegeli) and rockhopper (E.
chrysocome) penguins: an assessment of techniques and species comparison. Wildl Res
26: 789-803
Hull CL (2000) Comparative diving behaviour and segregation of the marine habitat by breeding
Royal penguins, Eudyptes schlegeli, and eastern Rockhopper penguins, Eudyptes
chrysocome filholi, at Macquarie Island. Can J Zool 78: 333-345
Hunt Jr. GL, Melhum F, Russell RW, Irons DB, Decker MB, Becker PH (1999) Physical
processes, prey abundance, and the foraging ecology of seabirds. In: Adams NJ, Slotow
RH (eds) Proc 22nd Int Ornithol Cong. Bird Life South Africa, Durban, pp 2040-2056
Jouventin P, Weimerskirch H (1990) Satellite tracking of wandering albatrosses. Nature 343:
746-748
Le Boeuf BJ, Crocker DE, Costa DP, Blackwell SB, Webb PM, Houser DS (2000) Foraging
ecology of northern elephant seals. Ecol Monogr 70: 353-382
Musyl MK, Brill RW, Curran DS, Gunn JS, Hartog JR, Hill RD, Welch DW, Eveson JP, Boggs
CH, Brainard RE (2001) Ability of archival tags to provide estimates of geographical
position based on light intensity. In: Sibert JR, Nielsen JL (eds) Electronic tagging and
tracking in marine fisheries. Kluwer Academic Publishers, Dordrecht, p 343-367

26

Pennycuick CJ (1982) The flight of petrels and albatrosses (Procellariiformes), observed in
South Georgia and its vicinity. Phil Trans Roy Soc London B 300: 75-106
Pennycuick CJ, Schaffner FC, Fuller MR, Obrecht III HH, Sternberg L (1990) Foraging flights
of the White-tailed Tropicbird (Paethon lepturus): Radiotracking and doubly-labeled
water. Col Waterbirds 13: 96-102
Pickard GL, Emery WJ (1990) Descriptive physical oceanography: an introduction. 5th ed,
Pergamon Press
Phillips RA, Silk JRD, Croxall JP, Afanasyev V, Briggs DR (2004) Accuracy of geolocation
estimates for flying seabirds. Mar Ecol Prog Ser 266: 265-272
Polovina JJ, Kobyashi DR, Ellis DM, Seki MP, Balasz GH (2000) Turtles on the edge:
movement of loggerhead turtles (Caretta caretta) along oceanic fronts in the central
North Pacific. Fish Oceanogr 9: 71-82
Prince PA, Wood AG, Barton T, Croxall JP (1992) Satellite tracking of wandering albatrosses
(Diomedea exulans) in the South Atlantic. Ant Sci 4: 31-36
Pütz K (2002) Spatial and temporal variability in the foraging areas of breeding king penguins.
Condor 104: 528-538
Schlitzer, R (2004) Ocean Data View 2.0, http://www.awi-bremerhaven.de/GEO/ODV
Schneider DC (1994) Quantitative ecology: Spatial and temporal scaling. Academic Press, San
Diego
Shaffer SA, Costa DP, Weimerskirch H (2001) Behavioural factors affecting foraging effort of
breeding wandering albatrosses. J Anim Ecol 70: 864-874

27

Smith P, Goodman D (1986) Determining fish movements from an 'archival' tag: precision of
geographical positions made from a time series of swimming temperature and depth.
Report No. NOAA Tech Memo NMFS SWFC-60: 1-13
Teo SLH, Boustany A, Blackwell SB, Walli A, Weng KC, Block BA (2004) Validation of
geolocation estimates based on light level and sea surface temperature from electronic
tags. Mar Ecol Prog Ser 283: 81-98
Warham J (1996) The behaviour, population biology and physiology of the petrels. Academic
Press Inc., San Diego
Weimerskirch H, Guionnet T (2002) Comparative activity pattern during foraging of four
albatross species. Ibis 144: 40-50
Weimerskirch H, Wilson RP (2000) Oceanic respite for wandering albatrosses. Nature 406: 955956
Weimerskirch H, Doncaster CP, Cuenot-Chaillet F (1994) Pelagic seabirds and the marine
environment: foraging patterns of wandering albatrosses in relation to prey availability
and distribution. Proc Roy Soc London B 255: 91-97
Weimerskirch H, Wilson RP, Guinet C, Koudil M (1995) Use of seabirds to monitor sea-surface
temperatures and to validate satellite remote-sensing measurements in the Southern
ocean. Mar Ecol Prog Ser 126: 299-303
Weimerskirch H, Wilson RP, Lys P (1997) Activity pattern of foraging in the wandering
albatross: a marine predator with two modes of prey searching. Mar Ecol Prog Ser 151:
245-254
Weimerskirch H, Guionnet T, Martin J, Shaffer SA, Costa DP (2000) Fast and fuel-efficient?
Optimal use of wind by flying albatrosses. Proc Roy Soc London B 267: 1869-1874

28

Weimerskirch H, Bonadonna F, Bailleul F, Mabille G, Dell'Omo G, Lipp H-P (2002) GPS
tracking of foraging albatrosses. Science 295: 1259
Welch DW, Eveson JP (1999) An assessment of light-based geoposition estimates from archival
tags. Can J Fish Aqu Sci 56: 1317-1327
Wilson RP, Weimerskirch H, Lys P (1995) A device for measuring seabird activity at sea. J
Avian Biol 26: 172-175
Wilson RP, Ducamp JJ, Rees WG, Culik BM, Nickamp K (1992) Estimation of location: Global
coverage using light intensity. In: Priede IG, Swift SM (eds) Wildlife telemetry: Remote
monitoring and tracking of animals. Ellis Horwood, Inc, New York, pp 131-134
Wilson RP, Grémillet D, Syder J, Kierspel MAM, Garthe S, Weimerskirch H, Schäfer-Neth C,
Alejandro Scolaro J, Bost C-A, Plötz J, Nel D (2002) Remote-sensing systems and
seabirds: their use, abuse and potential for measuring marine environmental variables.
Mar Ecol Prog Ser 228: 241-261

29

Figure Legends
Fig. 1 Phoebastria immutabilis. a) Relative light level measured by a Lotek LTD 2400 archival
tag attached to leg band of Laysan albatross 132, from Tern Island (23° 52’N, 166° 17’W),
01 February 2003. Solar midnight occurred at 10:55:30 UTC. Variability in light level
measurements during the day is likely attributed to changes in bird activity or weather. b)
Activity pattern of Laysan albatross 132 on 01 February 2003, determined from changes in
temperature, measured by the Lotek LTD 2400 archival tag every 32 s. Changes in
temperature were assumed to represent activities like landing or taking off from sea surface.
Red dots indicate temperatures when tag was in air or tucked under bird’s feathers in flight.
Blue dots indicate temperatures (or SSTs) when bird was sitting on the water and tag
temperature was stable for >20 min. A total of 984 valid SSTs were recorded on this date,
where temperatures ranged from 23.2–23.4 °C. Note that SSTs were recorded during solar
night when bird sat on sea surface for most of the night. Temperatures lower than measured
SSTs were probably caused by evaporative cooling of tag when bird took off from sea
surface (Wilson et al. 1995)
Fig. 2 Phoebastria immutabilis and P. nigripes. Geolocation errors determined using light-based
longitude and latitude vs. light-based longitude and SST-based latitude. Each point represents
the error (Great Circle distance) of a filtered location established with each geolocation
method and compared to a corresponding Argos-based Reference location, for a single
albatross on a given day at sea. All data collected by albatrosses equipped with a satellite
transmitter and geolocating archival tag for a single trip to sea. Solid line represents equality
in geolocation error for both methods (i.e. slope = 1 passing through the origin). Number in
each corner signifies total number of data points above and below the line of equality.
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Symbols for each species are as follows: Laysan albatrosses from Tern Island (○), blackfooted albatrosses from Tern Island (□), and Laysan albatrosses from Guadalupe Island (∆)
Fig. 3 Phoebastria immutabilis. a) Comparison of methods used to determine at-sea locations of
Laysan albatross 122, tracked from Tern Island, northwest Hawaiian Islands. b) A similar
comparison of all three methods used to determine at-sea locations of Laysan albatross 300,
tracked from Guadalupe Island, Baja, Mexico. For both birds, at-sea locations were
determined by double tagging each bird with a 30-g satellite transmitter and a 6-g
geolocating archival tag that measured ambient light levels and environmental temperatures.
All locations shown were filtered as described in Methods. Note variability in location
estimates for each bird with each method. Images were created with Ocean Data View 2.0
(Schlitzer 2004)
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Table 1 Phoebastria immutabilis and P. nigripes. Estimated errors (Great Circle distances) in bird location using light- and SST-based
geolocation in comparison to Argos Reference locations (see Methods). Presented are the median (med), minimum (min), and maximum (max)
of raw unfiltered errors, and mean error ± SD, 95% Confidence Intervals (CI) of mean, and standard deviations of longitudinal and latitudinal
errors (in °), from filtered locations. Each location was checked for (1) interference in light level threshold curve recorded by the archival tag, (2)
interference of remotely sensed SST data from cloud cover that affected comparison with SST measured by the tag, and (3) unreasonable travel
speeds (>35 km h-1) between positions determined with a speed filter. Locations failing any of these steps were excluded

Raw data
Great Circle distance

Filtered data
Total (n) after quality check

Great Circle distance

Standard Deviation

(1)

(2)

(3)

mean ± SD
(km)

95% CI
(km)

Longitudinal
Error (°)

Latitudinal
Error (°)

Laysan albatrosses – Tern Island
Light
123
407 (5–17,516)
SST/light
123
203 (9–12,061)

103
103

94

80
85

344 ± 224
189 ± 120

294–394
163–214

1.76
1.79

3.15
1.43

Black-footed albatrosses – Tern Island
Light
40
5,259 (50–16,659)
SST/light
40
3,248 (19–13,729)

10
10

10

10
10

321 ± 218
253 ± 359

165–477
-4.5–510

0.67
0.67

3.20
3.88

Laysan albatrosses – Guadalupe Island
Light
63
477 (40–3,294)
SST/light
63
164 (14–2,806)

61
61

61

41
59

529 ± 393
212 ± 189

405–653
163–262

1.60
1.61

5.07
1.96

All Birds
Light
SST/light

174
174

165

131
154

400 ± 298
202 ± 171

349–452
175–229

1.65
1.68

3.89
1.95

Method

n

226
226

med (min–max)
(km)

504 (5–17,516)
230 (9–13,729)
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