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Abstract
1.	 Light-level geolocators are popular bio-logging tools, with advantageous sizes, 

longevity and affordability. Biologists tracking seabirds often presume geolocator 
spatial accuracies between 186 and 202 km from previously innovative, yet tax-
onomically, spatially and computationally limited, studies. Using recently devel-
oped methods, we investigated whether assumed uncertainty norms held across 
a larger-scale, multispecies study.

2.	 We field-tested geolocator spatial accuracy by synchronously deploying these 
with GPS loggers on scores of seabirds across five species and 11 Mediterranean 
Sea, east Atlantic and south Pacific breeding colonies. We first interpolated 
geolocations using the geolocation package FLightR without prior knowledge of 
GPS tracked routes. We likewise applied another package, probGLS, additionally 
testing whether sea-surface temperatures could improve route accuracy.

3.	 Geolocator spatial accuracy was lower than the ~200 km often assumed. prob-
GLS produced the best accuracy (mean ± SD = 304 ± 413 km, n = 185 deploy-
ments) with 84.5% of GPS-derived latitudes and 88.8% of longitudes falling 
within resulting uncertainty estimates. FLightR produced lower spatial accuracy 
(408 ± 473 km, n = 171 deployments) with 38.6% of GPS-derived latitudes and 
23.7% of longitudes within package-specific uncertainty estimates. Expected 
inter-twilight period (from GPS position and date) was the strongest predictor of 
accuracy, with increasingly equatorial solar profiles (i.e. closer temporally to equi-
noxes and/or spatially to the Equator) inducing more error. Individuals, species and 
geolocator model also significantly affected accuracy, while the impact of distance 
travelled between successive twilights depended on the geolocation package.

4.	 Geolocation accuracy is not uniform among seabird species and can be consider-
ably lower than assumed. Individual idiosyncrasies and spatiotemporal dynamics 
(i.e. shallower inter-twilight shifts by date and latitude) mean that practitioners 
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1  | INTRODUC TION

Light-level geolocators (‘geolocators’) are one of the most popular 
and practical tools available to study animal movement, with well-
established, open access standards and techniques available to guide 
analyses of geolocation data (see Lisovski et  al.,  2020). However, 
there can be considerable uncertainty associated with the accuracy 
of location estimates derived from light-level data. Geolocators are 
small (i.e. ~0.3–3.3 g) archival data loggers that measure and record 
solar intensity at regular intervals, some with the capability of mea-
suring and archiving other information such as water temperature, 
wet/dry events and barometric pressure. When geolocators are 
retrieved, light-level data are downloaded and directed into astro-
nomical equations that estimate spatial locations based on the tim-
ing of twilight events (i.e. sunrises and sunsets). Geolocator data can 
be interpolated into one or two positions per day with latitude esti-
mated by day length, and longitude estimated by the timing of local 
midday or midnight relative to Greenwich Mean Time and Julian day 
(Hill, 1994).

Geolocators were first applied to tracking the movements of 
marine vertebrates including elephant seals (Delong et  al.,  1992), 
fish (Block et  al.,  1998), seabirds (Croxall et  al.,  2005; Egevang 
et al., 2010; González-Solís et al., 2007; Guilford et al., 2009; Phillips 
et al., 2006; Shaffer et al., 2006; Tuck et al., 1999) and sea turtles 
(Fuller et al., 2008). Recently, geolocators have undergone consider-
able miniaturisation and improvements to onboard storage capacity, 
which has stimulated an increase in studies that use light-level data 
to infer spatial information about both marine and terrestrial species 
that were otherwise too small to be burdened with tracking devices 
(Bridge et al., 2011). The number of ecologists using geolocators to 
study seabird movements has increased in tandem with these sen-
sor improvements and newly designed geolocation methods imple-
mented in several R packages for processing and analysing light-level 
data (e.g. Merkel et  al.,  2016; Rakhimberdiev et  al.,  2017; Sumner 
et al., 2009).

Despite the growing volume of geolocator data, the spatial ac-
curacy of geolocators used on seabirds has to-date been empirically 
tested relative to more precise technologies only on three species 
of albatross with limited latitudinal breadth (Phillips et  al.,  2004; 
Shaffer et  al.,  2005). These studies employed older geolocator 
sensors that recorded light levels more infrequently and previous 

threshold method geolocation software that, unlike modern meth-
ods, did not incorporate movement models or probabilistic algo-
rithms. These studies measured the distances of satellite Platform 
Terminal Transmitter (PTT) locations to corresponding geoloca-
tion estimates and assessed mean accuracies  ±  standard devi-
ation (SD) of 186 ± 114 km (Phillips et al., 2004) to 202 ± 171 km 
(Shaffer et  al.,  2005). These estimations of geolocation accuracy 
are coarse relative to those obtained from satellite loggers that fix 
positions from orbiting Advanced Research and Global Observation 
Satellites (ARGOS), which have a typical 1–3 km accuracy (Burger & 
Shaffer, 2008) or the Global Positioning System (GPS), which regu-
larly has average location accuracies of less than 10 m (Hulbert & 
French, 2001) to ~15 m (Forin-Wiart et al., 2015). However, tracking 
instruments that use satellites tend to be too large for many species 
and may be prohibitively expensive. Satellite tracking instruments 
typically have limited power capacity and on-board memory stor-
age, and depending on the species, can place unreasonable burdens 
on birds in terms of wing-loading and hydrodynamic drag (Phillips 
et  al.,  2004; Shaffer et  al.,  2005). Furthermore, attaching satellite 
instruments to feathers for long-term deployments is not suitable 
for most seabirds because they periodically moult. For many seabird 
species the use of harness attachment to remedy this constraint is 
not recommended (Phillips et al., 2003) and may increase mortality 
and device-induced behaviours (Barron et al., 2010). Light-level geo-
location has therefore offered an attractive year-round alternative 
to satellite tracking that tackles many of the constraints associated 
with using larger, more spatially accurate technology.

Light-level geolocation is inherently prone to coarse spatial 
accuracy, particularly for estimates of latitude which are generally 
considered to become less accurate under increasingly ‘equatorial’ 
solar profiles; that is, either nearer the Equator (spatial variation) 
or solar equinox (temporal variation) where and when day length 
changes more shallowly with latitude (Ekstrom,  2004; Hill,  1994; 
Lisovski et al., 2020). The inherent accuracy of latitudinal geoloca-
tions fluctuates by date, even if the amount of sensor shading re-
mains constant (Lisovski et al., 2012). Weather (e.g. cloud cover) and 
behavioural patterns such as roosting at twilight periods can induce 
errors in estimates of day or night length and are thus thought to 
affect accuracy in geolocation (Lisovski et  al.,  2012). In addition, 
light-level data collected during breeding stages are often thought 
to have reduced spatial accuracy due to specific behaviours that 

should exercise greater caution in interpreting geolocator data and avoid universal 
uncertainty estimates. We provide a function capable of estimating relative accu-
racy of positions based on geolocator-observed inter-twilight period.
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might affect light curves (Lisovski et  al.,  2012, 2020). For exam-
ple, some species roost on the ground (Corre & Jouventin,  1997; 
Schreiber & Chovan, 1986), brood their young at twilights (Howell & 
Bartholomew, 1969) which can shade sensors, or nest underground 
in burrows (Shaffer et al., 2006). Geolocators fitted on birds that go 
to roost before last light or depart nest sites after first light could 
therefore exhibit abnormal transitions between light and dark at twi-
light times in light curve data (Gow, 2016).

Another typical behaviour of seabirds is wide-ranging movement 
that can occur within a single day or night (Clay et al., 2018; McDuie 
et al., 2015). Such large-scale movement between twilights can im-
pact interpolations of longitude by shifting the solar noon, or lati-
tude by compressing or elongating day length, all depending on the 
speed and direction of travel and time of year (Lisovski et al., 2012). 
Furthermore, data collected by geolocators fitted to wide-ranging 
seabirds, generally on leg rings, are likely to have idiosyncratic dif-
ferences relative to being collected at a stationary location (Lisovski 
et al., 2012; Welch & Eveson, 1999). Accordingly, it has been sug-
gested that the performance of geolocators might be species de-
pendent (Shaffer et  al.,  2005) and that the choice of geolocation 
algorithm might affect the accuracy of position estimates (Musyl 
et al., 2001).

Despite the well-known and hypothesised limitations of light-
level geolocation, geolocators have generally been considered sat-
isfactory for studying foraging ranges (Phillips et  al.,  2004), and 
habitat preferences and distributions of pelagic seabirds (Egevang 
et al., 2010; González-Solís et al., 2007; Guilford et al., 2009; Halpin 
et al., 2018; Lascelles et al., 2016; McDuie & Congdon, 2016; Pollet 
et  al.,  2014; Quillfeldt et  al.,  2017; Shaffer et  al.,  2006). Here, we 
sought to evaluate for the first time the accuracy of modern geolo-
cation algorithms on a large and diverse sample of free-flying sea-
birds and assess whether accuracy is affected by the species being 
tracked and movement behaviours. Past studies of geolocation ac-
curacy have used older technology and/or geolocation algorithms 
(e.g. Phillips et al. 2004; Shaffer et al. 2005), evaluated static deploy-
ments of tags either carried by resident birds or fixed in the environ-
ment (e.g. Fudickar et al., 2012), or been carried out on single species 
with sample sizes that are likely too small to have adequate statisti-
cal power to disentangle patterns in accuracy (e.g. Rakhimberdiev 
et al., 2016).

Our objectives were to (a) investigate if the spatial accuracy typ-
ically reported in geolocation studies of seabirds is applicable in the 
context of a large-scale, multi-species study; (b) test uncertainty es-
timates of more advanced geolocation models; (c) test whether sea-
surface temperature (SST) interpolation improved average accuracy 
in these new methods and d) model which situational factors most 
affected geolocator spatial accuracy. To address these aims, we con-
ducted a field test using synchronous deployments of GPS loggers 
and geolocators fitted to individual seabirds from around the world. 
We measured the spatial accuracy of geolocator-interpolated routes 
from GPS tracks, tested for effects of species and individuals, and 
whether the inter-twilight distances travelled by birds affected the 
spatial accuracy of geolocation.

2  | MATERIAL S AND METHODS

2.1 | Study species & locations

We analysed synchronous location data from 151 chick-provisioning 
individual seabirds that were tracked concurrently with GPS and 
light-level geolocator loggers (i.e. ‘double tagged’) using the geolo-
cation packages, FlightR (Rakhimberdiev et al., 2017) and prob-
GLS (Merkel et al., 2016). Tracking data represent 200 deployments 
across five species from 11 separate seabird colonies between 
2011 and 2019 (Table 1). We originally had access to 278 double-
tagged deployments (some individuals were tagged more than once 
within and between years), but we reduced the dataset to 200 de-
ployments after excluding those with insufficient data to produce 
stationary calibrations, or where light curve transitions were poor. 
Breeding colonies were located in several marine regions includ-
ing in Southern Europe (Mediterranean Sea), West Africa (east 
Atlantic Ocean) and Australia (south Pacific Ocean). In the north-
ern hemisphere, we analysed double-tagged deployments from 
Cape Verde Shearwaters (Calonectris edwardsii, n  =  11; 2014 and 
2018), Cory's Shearwaters (C. borealis, n  =  100; 2011 and 2013–
2018), Scopoli's Shearwaters (C. diomedea, n = 61; 2014–2018) and 
Red-billed Tropicbirds (Phaethon aethereus, n = 7; 2017–2018) on 10 
breeding colonies between latitudes 15°N–40°N. In the southern 
hemisphere, we analysed double-tagged deployments from White-
necked Petrels (Pterodroma cervicalis, n = 21; 2018 and 2019) on a 
single colony at latitude 29°S.

2.2 | Double tagging

We fitted birds with one of five light-level geolocator immersion 
sensors: BAS_MK19 (British Antarctic Survey) or Biotrack_MK3005 
[formerly BAS_MK19] (Biotrack Ltd), which sample light intensity 
every minute and record the maximum value every 5 min with water 
temperature recorded when the sensor is immersed continuously 
for 25 min; and Intigeo-C330, Intigeo-C250 or C65-SUPER (Migrate 
Technology Ltd), which sample light intensity every minute, storing 
the maximum value every 5 min and record water temperature when 
the sensor is immersed continuously for 20 min. The conductivity 
(wet/dry) sensor sampling rate was 6 s for all models. Devices were 
leg mounted and fitted to the tarsus by mounting to either a darvic 
or metallic ring using a plastic cable tie, or a Velcro© (38 mm; Paskal) 
hook-and-loop harness. GPS loggers were fitted to birds using Tesa© 
tape (4651; Tesa Tape Inc.) by taping either to contour feathers be-
tween scapulae, or at the base of the two to four central rectrices on 
shearwaters and petrels and six rectrices on tropicbirds.

2.3 | Data preparation and analysis

All data were processed in the statistical software environment R, 
version 3.5.1 (R Core Team, 2020), and spatial measurements were 
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calculated on the World Geodetic System (WGS 1984) ellipsoid. 
The processing of geolocation data was carried out by an analyst 
who had no knowledge of the spatial attributes of the paired GPS 
tracking data so that decisions about parameterising geolocation 
algorithms were not influenced by prior knowledge of the birds' 
underlying movements. This was done to ensure that geolocation 
positions in our study would be comparable to those of other ge-
olocation studies for which practitioners typically have no knowl-
edge of where the bird travelled. GPS tracks were standardised 
using the package adehabitatLT (Calenge, 2006) by resampling 
all GPS locations to an equal 10 min interval because the GPS sam-
ple rates varied among species and colonies. We gap-filled GPS 
tracks except when periods of more than 1 hr occurred between 
fixes. To account for erroneous positions that may have been 
caused by poor satellite reception, we applied a standard maxi-
mum allowable flight velocity of 27.8  m/s (100  km/hr) between 
consecutive locations for all seabird taxa. We considered this to 
be a maximum realistic speed for wide-ranging seabirds (Lascelles 
et al., 2016).

Depending on the brand of geolocator, we first imported raw 
light-level data using the functions readMTlux in the package 
TwGeos (Wotherspoon et al., 2016) or ligTrans in the package 
GeoLight (Lisovski & Hahn,  2012). We then automated twilight 
event (i.e. sunrises and sunsets) annotation in raw light-level data 
using the function preprocessLight in the package TwGeos 
(Wotherspoon et al., 2016) with a threshold level of 1, which pre-
sented as a suitable level above which to differentiate twilights 
from night time noise in log-transformed data. Following guide-
lines in Lisovski et al. (2020), we visually reviewed raw light data to 
identify any areas of the time series affected by shading and man-
ually inspected each twilight event, subsequently deleting such 
events that we deemed to be falsely annotated in the automated 

procedure, or those with poor transitions between dark and light. 
Indistinguishable or unclear transitions between dark and light can 
occur due to the light sensors becoming shaded by weather, indi-
vidual bird behaviours or bird plumage. This procedure resulted in 
an average rate of transition exclusion of 33.6% for Cape Verde 
Shearwaters, 29.1% for Cory's Shearwaters, 33.9% for Red-billed 
Tropicbirds, 32% for Scopoli's Shearwaters and 14% for White-
necked Petrels. We expected to see a greater proportion of twi-
lights excluded in these data because birds were in their breeding 
phase. Contrary to non-breeding, migratory seabirds, those in their 
breeding phase regularly visit nests, or raft on the water before 
visiting nests which can cause obscured light curves at twilight 
times.

We used two geolocation analysis packages to estimate the 
spatial locations of tracked seabirds: FlightR and probGLS. 
Using the annotated twilight data, we produced ‘TAGS’ files using 
the TwGeos2TAGS function in the FLightR package in prepara-
tion for light-level analyses. We analysed light-level data from 
171 deployments in FLightR and 185 deployments in prob-
GLS, which included 156 of the same datasets used in FLightR 
(15 deployments analysed in FLightR were excluded from prob-
GLS because they did not collect SST data exclusively when the 
device was immersed in water). Data from sensors that recorded 
light and temperature, but did not have light data recorded from a 
stationary location were included in probGLS but excluded from 
FLightR analyses. While on-bird geolocator calibration is possible 
for some centrally placed species (see Rakhimberdiev et al., 2017), 
we considered that it may not be suitable for seabirds due to the 
large distances travelled during foraging. Calibrations were there-
fore conducted as ‘rooftop calibrations’ (see Lisovski et al., 2012). 
All species reported were included in analyses by both geolocation 
packages.

TA B L E  1   The species, individuals, regions and respective colonies where seabirds were tracked synchronously with light-level 
geolocators and GPS loggers. The sample size of geolocation estimates used in analyses of each geolocation algorithm isprovided

Colony name Latitude Country Marine Region Species (no. individuals)

Number of geolocationsa 

FLightR probGLS

Cala Morell (Menorca) 40.1°N Spain Mediterranean Scopoli's Shearwater (52) 574 626

Islas Columbretes 39.9°N Spain Mediterranean Scopoli's Shearwater (4) 73 77

Isla de Cabrera 39.2°N Spain Mediterranean Scopoli's Shearwater (2) 24 26

Isla de las Palomas 37.6°N Spain East Atlantic Scopoli's Shearwater (3) 41 44

Islote de Montaña Clara 29.3°N Spain East Atlantic Cory's Shearwater (32) 441 501

Timanfaya (Lanzarote) 29.0°N Spain East Atlantic Cory's Shearwater (6) 92 43

Veneguera (Gran Canaria) 27.8°N Spain East Atlantic Cory's Shearwater (62) 598 1,206

Ilhéu Raso 16.6°N Cabo Verde East Atlantic Red-billed Tropicbird (2) 8 10

Ilha Boa Vista 16.2°N Cabo Verde East Atlantic Red-billed Tropicbird (5) 48 52

Ilhéu de Curral Velho 15.9°N Cabo Verde East Atlantic Cape Verde Shearwater (11) 189 199

Phillip Island (Norfolk Island) 29.1°S Australia South Pacific White-necked Petrel (21) 993 410

aThe number of geolocations per package (i.e. FLightR or probGLS) differs depending on the suitability of the data for analysis in a given 
package. For example, whether the geolocator recorded water temperature exclusively when immersed, and calibration data from a stationary 
location.
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2.4 | Estimating spatial locations from light-
level data

We parameterised both geolocation algorithms (FlightR and 
probGLS) to calculate seabird locations within a bounding box ex-
tending from the breeding colony by 35° of longitude in each direc-
tion, and 25° of latitude in the direction of the nearest pole and 50° 
of latitude in the direction of the Equator.

The geolocation analysis package, FLightR was used first to 
estimate the spatial likelihood of locations from annotated light-
level data. To model movements, FLightR uses a hidden Markov 
model with the true location as the unobserved state. Inference 
is performed using a particle filter, with a template-fit method to 
allow the algorithm to use all available light measurements around 
annotated twilight events (Rakhimberdiev et  al.,  2017). FLightR 
also incorporates biologically relevant behavioural parameters to 
improve location estimates. To function, FLightR requires cali-
bration data from each geolocator with which it measures the re-
lationship between observed light levels (i.e. calibration data) and 
theoretical light levels estimated from current solar elevation an-
gles (Ekstrom, 2004; Rakhimberdiev et al., 2017). When executing 
the FLightR algorithm, we included only data from geolocators 
that were calibrated by measuring light levels at a stationary loca-
tion prior to deployment on a seabird. Analyses in FLightR were 
run with and without spatial masks to explore how land masking 
affected accuracy. We set the algorithm to allow maximum daily 
flight distances of 1,500 km on a 50 km grid. To estimate locations, 
we ran the FLightR particle filter with 1 million particles and used 
the median of the posterior probability distribution as the estimates 
of daily seabird relocations.

For light-level data from geolocators that also recorded SST, we 
analysed the same annotated twilights with the package, prob-
GLS (Merkel et al., 2016), to investigate whether SST interpolation 
improved the spatial accuracy of geolocations. The probGLS algo-
rithm estimates locations using an iterative forward step selection 
process, computing a weighted probability cloud of potential loca-
tions (10,000 particles for each point cloud) and producing the most 
likely movement path with 200 iterations for each track (Merkel 
et al., 2016). We included flight speed parameters for when the log-
gers were dry (probable maximum and SD (m/s), see supplementary 
metadata) based on Spear and Ainley (1997) and a maximum allow-
able dry-logger flight speed of 27.8  m/s, thus matching the speed 
used to filter GPS relocations; and wet speed parameters to allow 
for modest drift on the ocean if the bird was roosting on the water 
for long periods (fastest most likely  =  1  m/s, SD  =  1.3  m/s, maxi-
mum = 5 m/s). Geolocations were estimated using probGLS with a 
land mask to prevent the algorithm from estimating locations more 
than 1 km inland of coasts. We also used the daily median SST en-
countered by each bird, which was computed from that recorded 
by geolocators every 4  hr (Merkel et  al.,  2016) and matched this 
to satellite-derived SST (0.25°  ×  0.25°, NOAA OI SST V2 High-
Resolution Dataset). We also ran probGLS both with and without 
SST matching and spatial masks.

2.5 | Measuring and modelling spatial accuracy

To measure the spatial discrepancy between geolocations and 
GPS positions, we calculated the distance between the geographic 
mean of all GPS fixes that occurred within ±30 min, respectively, 
of a given pair of twilights (i.e. sunset–sunrise or vice versa) and 
the geolocator-estimated solar noon/midnight position for that 
same period. This measure of accuracy is expressed as the great-
circle distance in kilometres from an individual's GPS location to 
its corresponding geolocation for a given set of twilight events. 
To investigate the potentially nonlinear effects of predictor vari-
ables on the spatial accuracy of geolocation estimates, we con-
structed generalised additive mixed-effects models (GAMM) with a 
gamma distribution and a log link function. We separately modelled 
geolocation accuracy in position estimates computed by both the 
FLightR and probGLS analysis packages. We considered two pre-
dictors of geolocation accuracy: spatial displacement as the great-
circle distance (kilometres) between successive twilight locations 
(from GPS) for individuals, and the expected inter-twilight period 
as the expected duration of day or night calculated from day of 
year and GPS latitude using the daylength function in the pack-
age geosphere (Hijmans, 2019). We modelled these as nonlinear 
effects using univariate thin-plate regression splines. We initially 
considered two other potential predictors of geolocation error: lati-
tudinal position and closeness in time to the March and September 
equinoxes; but we could not consider these as independent vari-
ables due to strong concurvity with the inter-twilight period predic-
tor, which we considered an equatorial solar profile index and the 
more proximate mechanism governing geolocation accuracy. We 
included the model of geolocator as a fixed effect. To account for 
potential effects of species and individuals, we also included the 
identity of each tracked individual nested under species type as 
random effects in the model.

Both geolocation packages contain spatial mask functions to 
avoid the algorithms estimating positions over land. In our data, 
this would likely have masked the effects of modelled covariates on 
spatial error, particularly for birds restricted to the relatively small 
Mediterranean Sea. Therefore, we modelled the effects of covari-
ates on geolocation accuracy only on the position estimates pro-
duced without a land mask (both packages), SST (probGLS) or inbuilt 
outlier detection (FLightR). We used a correlogram to examine for 
residual autocorrelation in the time series of geolocations. Some ev-
idence of autocorrelation was evident at the first time lag, but thin-
ning the dataset to include only every second or third observation 
had no effect on the overall model results. Thus, we did not thin time 
series of geolocations.

We fitted the models by restricted maximum likelihood using 
the package mgcv (Wood, 2011). We used the inbuilt checks of the 
mgcv package to ensure that the models converged and that the 
basis dimension was sufficiently large (using a permutation test for 
the presence of a residual pattern along predictors). The residuals 
of the fitted models were inspected to ensure that residuals fol-
lowed the gamma distribution assumption and that there was no 
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evident structure or heterogeneity of variances against candidate 
predictors.

3  | RESULTS

Our initial geolocation results were implemented without applying 
land masks or SST interpolation and produced mean spatial accuracy 
(±SD) of 432 ± 460 and 372 ± 290 km for FLightR and probGLS, 
respectively (Table 2). When we applied land masks (for both analy-
sis packages), and SST (probGLS only) mean accuracies were im-
proved to 408 ± 473 and 304 ± 413 km, for FLightR and probGLS 
respectively (Table 2). As an additional test to investigate the effect 
of equinoxes on location accuracy, when we excluded from accuracy 
measurements the locations within 3 weeks (21 days) of the March 
or September equinoxes the mean spatial accuracies (km ± SD) were 
reduced to 227 ± 250 and 290 ± 369 for FLightR and probGLS 
respectively (Table 2).

GPS-derived latitude was within package-specific geolocation 
uncertainty estimates 38.6% and 84.5% of the time for FLightR 
(parameter set 4, see Table  2) and probGLS (parameter set 3, 
see Table  2), respectively, and GPS-derived longitude fell within 
uncertainty estimates for 23.7% and 88.8% of geolocations, for 
FLightR and probGLS respectively. Estimated uncertainties de-
rived from package functions for each geolocation produced by 
each method are provided as supplementary material. We also pro-
vide as supplementary material the spatial accuracies for individual 
species within (i.e. ≤21 days) and outside (i.e. ≥21 days) of equinox 
periods. Results outputs with different parameters from the geolo-
cation analyses are also provided as Supporting Information.

We found strong evidence of a bell-shaped effect of expected 
inter-twilight period on the spatial accuracy of geolocations 
(Figure 1a, FLightR: F6.47 = 993, p < 0.001; Figure 2a, probGLS: 
F7.1 = 718, p < 0.001). Results demonstrated that spatial accuracy 
in both FLightR and probGLS drastically declines as expected 
inter-twilight periods approach 12 hr (i.e. closer to an equinox or the 
Equator) and best at approximately 9 and 15 hr (Figures 1a and 2a). 
Mean spatial accuracy (±SD) calculated on geolocation results as-
sociated with inter-twilight periods ≤10 and ≥14 hr was reduced to 
243 ± 232 and 202 ± 239 km (±SD) for probGLS (with spatial land 
mask and SST) and FLightR (with spatial land mask and outlier de-
tection) respectively.

We found significant effects of differences among species and 
individuals on the spatial accuracy of geolocations when individuals 
were fitted as random effects nested within their respective spe-
cies type (Figure 1c, FLightR: F154.7 = 25.7, p < 0.001; Figure 2c, 
probGLS: F158.2 = 11.8, p < 0.001). The model of geolocator used 
also affected the accuracy (Figure 1d, FLightR: F4.0 = 5, p < 0.001; 
Figure 2d, probGLS: F4.0 = 16.8, p < 0.001). We found that there 
was an effect of an individual's spatial displacement within expected 
inter-twilight periods on the accuracy of geolocations when using 
FLightR (Figure 1b, F2.3 = 40.3, p < 0.001), but not for probGLS 
(Figure 2b, F0.5 = 0.35, p = 0.111). TA
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The average spatial accuracy differed depending on species and 
geolocation package (Figure 3), with Red-billed Tropicbirds producing 
the poorest accuracy between GPS and corresponding geolocator 
positions in the probGLS results, whereas White-necked Petrel geo-
locations had the poorest accuracy in the FLightR results. Scopoli's 
Shearwater geolocations had consistently better spatial accuracy rel-
ative to other species (Figure 3) in all model runs of both geolocation 
packages, including when SST and spatial land masks were not applied.

4  | DISCUSSION

We provide the first large-scale assessment of the spatial accuracy 
of modern geolocation algorithms under field conditions. The ad-
vance in understanding our findings provide contextualises the re-
sults and hypotheses of past tests of geolocation accuracy that have 
until now been limited in field testing (e.g. static tags, small sam-
ple sizes, single species studies and outdated methods). Our results 

F I G U R E  1   Response curves for spatial accuracy in FLightR geolocations as a function of expected inter-twilight period (a) and spatial 
displacement (b) with individual identity nested within species (c) and geolocator model as a fixed effect (d). Tick marks on the horizontal axis 
of the expected inter-twilight period (a) and displacement (b) plots are observed datapoints. For each predictor with a smooth term (a and b), 
the effect on spatial accuracy is shown on the y-axis and represented as a spline (s) of the predictor variable with the estimated degrees of 
freedom. Shaded grey areas in the expected inter-twilight period (a) and displacement (b) plots indicate 95% confidence intervals
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emphasise the need for practitioners to account for species and 
spatiotemporal effects on geolocation accuracy by considering both 
when (i.e. temporal effects) and where (i.e. equatorial effects) they 
might expect a species to travel. If the former is either a wander-
ing, circuitous or tropical path, the practitioner should be adequately 
aware of what scale their data could be analysed. This is particu-
larly true of land birds, which do not have the luxury of using SST 
to enhance the accuracy of interpolation. We observed lower mean 

spatial accuracy in light-level geolocation of seabirds than what is 
typically reported as the expected accuracy in studies that use this 
tracking method. Moreover, the true location of a seabird was often 
outside of package-specific uncertainty estimates (as much as 76.3% 
of the time for FLightR and 15.5% of the time for probGLS). We 
also observed that the spatial accuracy in light-level geolocation of 
seabirds varies among species. As previously suggested by Lisovski 
et  al.  (2020) and Shaffer et  al.  (2005), it is likely that inconsistent 

F I G U R E  2   Response curves for spatial accuracy in probGLS geolocations as a function of expected inter-twilight period (a) and spatial 
displacement (b) with individual identity nested within species (c) and geolocator model as a fixed effect (d). Tick marks on the horizontal axis 
of the expected inter-twilight period (a) and displacement (b) plots are observed datapoints. For each predictor with a smooth term (a and b), 
the effect on spatial accuracy is shown on the y-axis and represented as a spline (s) of the predictor variable with the estimated degrees of 
freedom. Shaded grey areas in the expected inter-twilight period (a) and displacement (b) plots indicate 95% confidence intervals
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accuracy is the result of species-dependent geolocator performance, 
which relates to the way in which the geolocator light sensors are 
affected by a combination of species-specific behaviour, morphol-
ogy, plumage and habitat use. It is possible that smaller geolocator 
models are more prone to sensor shading than larger models, but we 
could not reliably test this hypothesis due to the confounding effects 
of species and individuals.

The method and quality of calibration can influence geolocation 
accuracy (see Lisovski et al., 2012 for a detailed discussion), so it is 
important that geolocation practitioners carefully consider calibra-
tion when planning their study. In particular, the calibration period 
should capture the complete variability in twilight transitions and 
care must be taken to ensure that the calibration method is suitable 
for the focal species (Lisovski et al., 2012). It is possible that calibra-
tion effects contributed to the poor accuracy seen in the FLightR 
results of some of the species we tracked—particularly in the case 
of White-necked Petrels due to their very long distance, looping 
trips away from the colony whence the geolocators were calibrated. 
However, we used standard ‘rooftop’ calibration methods that are 
commonly used by seabird biologists. Therefore, we expect our geo-
location accuracies to be directly comparable to those obtained by 
seabird biologists in other geolocation studies.

Our modelling results showed that differences in species and in-
dividuals affected how accurate geolocations were. For example, in 
probGLS geolocation, Red-billed Tropicbirds had the poorest mean 
spatial accuracy. This could be explained by the species' morphology 
(i.e. extremely short tarsi) and nesting habits, which often include 
returning to the nest before or during sunset and sunrise, affecting 
geolocator performance. Conversely, White-necked Petrels had the 
poorest mean spatial accuracy in FLightR geolocation, which our 
models suggest is explained by their wide-ranging movement habits 
and large spatial displacement between twilights. The vastly differ-
ent performance between FLightR and probGLS for this species 
supports the assertion that using SST correction is important for 
geolocation of wide-ranging marine species (Shaffer et al., 2005).

Mean spatial accuracy in Scopoli's Shearwater geolocations was 
good relative to other species possibly due to the species being re-
stricted to a relatively small marine area (i.e. the Mediterranean Sea) 
compared to the other open ocean-foraging species that we tracked 
in this study. Spatial displacement of individuals between sunrises 
and sunsets affected the accuracy of geolocations produced by both 
packages, but was strongest in FLightR. Scopoli's Shearwaters 
made short-range movements within a small marine basin, and hence 
displacement did little to diminish their geolocation accuracy in ei-
ther package. In the case of probGLS, the application of a land mask 
will have forced the algorithm to produce these geolocations within 
a small marine area, thus improving the latitudinal accuracy when 
using a spatial land mask. However, the species still had the high-
est mean spatial accuracy when a land mask was not applied. The 
spatial displacement of individuals between sunrises and sunsets 
appeared to be weakest in its effect on accuracy of geolocations 
estimated by the probGLS package, which suggests that the accura-
cies we observed for this package are not only applicable to breeding 
seabirds that exhibit central place foraging behaviour, but also for 
non-breeding or migratory seabirds. For these reasons, researchers 
working on coastal-foraging seabirds or seabirds in small marine ba-
sins will likely achieve useful results using either the FLightR or 
probGLS packages, whereas probGLS seems most suitable for re-
searchers working on open ocean-foraging seabirds.

The FLightR package sometimes did not produce uncertainty 
estimates at the start of deployments, or for short-term deploy-
ments. This may have occurred because, for a given geolocation, 
FLightR determined low probability of movement between twi-
lights (Rakhimberdiev et al., 2017). It is important to recognise that 
FLightR was designed to track migratory paths, therefore the algo-
rithm may not calculate a probability of movement away from a cap-
ture location when tracking duration is short and when the tracked 
individual is in a state of central place foraging.

Our results suggest that the effect of spatial displacement on 
FLightR geolocations was driven by White-necked Petrels, which 

F I G U R E  3   Mean spatial accuracy for each double-tagged seabird species as derived from the FLightR package (left) with a spatial land 
mask applied (parameter set 4, see Table 2) and probGLS package (right) using SST correction and a spatial land mask (parameter set 3, 
see Table 2). Accuracy is expressed as the great-circle distance between the GPS position and corresponding geolocator-derived position 
for a given twilight. GPS position was defined as the geographic mean of all GPS positions recorded within ±30 min of the given twilight. 
Distances were measured on the WGS 1984 ellipsoid. Error bars represent the standard deviation
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had the largest mean spatial displacement between twilights (more 
than double that of all other included species). This effect was likely 
due to the inbuilt Bayesian priors of the movement model incorpo-
rated by the FLightR algorithm. For geolocation of marine species, 
the FLightR package may benefit from the inclusion of SST as an 
optional model prior.

We found that the strongest predictor of accuracy was the du-
ration of day or night between twilight events, with this pattern 
broadly consistent between expected day or night length (i.e. ex-
pected inter-twilight period calculated from GPS latitude) contrasted 
with the empirical geolocator-observed duration of day or night (i.e. 
calculated from raw light-level data). Our results empirically demon-
strate why those using light-level geolocators should not only ex-
pect spatial accuracy to be lower during periods of solar equinox 
when day and night length is similar across the globe, but also as 
tracked animals move nearer the Equator where day and night length 
changes ever more shallowly per degree of latitude (Ekstrom, 2004; 
Hill, 1994; Lisovski et al., 2012).

Our results imply that practitioners should adopt variable spatial 
uncertainties by estimating a relative spatial accuracy based on ob-
served inter-twilight period calculated from geolocator data, rather 
than by excluding data from an arbitrary duration either side of the 
March and September equinox dates, as is done in many geolocation 
studies (e.g. Van Bemmelen et  al.,  2017; Fayet et  al.,  2016; Jones 
et  al.,  2020). This approach not only tackles the issue of reduced 
spatial accuracy during solar equinoxes, but also of equatorial solar 
profiles and is a particularly important advance for geolocation of 
animals that migrate to, or reside on or near the Equator. The spa-
tial accuracy of geolocation differs between species and inference 
method, but the relationship between geolocator-observed inter-
twilight period and relative accuracy is consistent between peri-
ods of 9 and 15 hr, and closely follows a Gaussian function. We can 
therefore provide a rule-of-thumb for estimating the relative spatial 
accuracy of geolocations depending on the apparent inter-twilight 
period, which can be computed directly from geolocator data. The 
equation:

where d is the duration in hours between the first and second twilight, 
gives the spatial accuracy in an estimate, relative to the accuracy with 
a duration of 12 hr. For example, when d = 12 the relative accuracy is 1, 
but at d = 9 or d = 15, the relative accuracy is 0.044, a 95.6% improve-
ment in accuracy relative to when the duration of an inter-twilight pe-
riod is 12 hr and accuracy is at its worst. When d > 15 or d < 9, this rule 
is not generalisable.

Our results present mean spatial accuracies that are within the 
order of magnitude of the reported average spatial errors (94–1,043 km) 
in studies of other marine vertebrates (Beck et  al.,  2002; Delong 
et al., 1992; Hull, 1999; Teo et al., 2004), but, in some species, are con-
siderably larger than those that have previously measured accuracy 
in geolocation of pelagic seabirds (186–202  km; Merkel et  al.,  2016; 

Phillips et al., 2004; Shaffer et al., 2005). Based on our results, and con-
sidering previous studies that improved geolocations with SST (Delong 
et al., 1992; Gunn et al., 1994; Hill, 1994; Le Boeuf et al., 2000; Shaffer 
et al., 2005; Teo et al., 2004), we suggest that for pelagic seabirds, using 
SST as a prior in geolocation models might be essential to achieve bet-
ter results and to increase spatial accuracy in light-level geolocation. 
Furthermore, the variation we observed between geolocation packages 
and geolocator types, and among outputs resulting from differently 
parametrised geolocation analyses (e.g. use of a land mask, SST interpo-
lation etc.) validate the recommendations of Lisovski et al. (2020) con-
cerning reporting of study parameters. Specifically, practitioners should 
clearly and unambiguously report assumptions and package-specific 
model parameters used to compute geolocations along with estimates 
of uncertainty associated with the data.

Light-level geolocation and geolocators are unquestionably im-
portant tools for studying the movement ecology and behaviour of 
marine organisms, and in many cases are the only available options to 
track small or sensitive species. Based on our results, we urge greater 
caution and consideration of the limitations of light-level geolocation 
when using geolocator data to draw inferences about regional spatial 
use and behaviour of wide-ranging marine species. Light-level geo-
location is not an exact science and different combinations of geo-
location packages, parameterisation, study species and data quality 
can yield different results and uncertainties. The key message in this 
study is not a criticism of light-level geolocation due to its inherent 
spatial uncertainty, but a demonstration that this can be reduced if 
practitioners adopt a dynamic approach to estimating uncertainty 
using duration of the inter-twilight period. While the spatial accuracy 
of geolocation may vary between packages, species and the quality of 
calibration data, the influence of the inter-twilight period on relative 
accuracy will be valid irrespective of the geolocation package chosen, 
or the species tracked. In particular, practitioners should make use of 
dynamic uncertainty estimates based on equatorial solar profiles and 
be aware that the average accuracy that one can expect will vary by 
species and might be greater than what is typically reported in sea-
bird geolocation studies. This is especially important in the context of 
using geolocator-derived tracking data when precise, spatially explicit 
conservation or management actions are to be implemented.

ACKNOWLEDG EMENTS
L.R.H. received funding support with an Endeavour Postgraduate 
Leadership Award by the Australian Government. Fieldwork was 
supported with awards to L.R.H. by the Holsworth Wildlife Research 
Endowment—Equity Trustees Charitable Foundation & the Ecological 
Society of Australia and the Birdlife Australia Stuart Leslie Bird 
Research Award. Fieldwork was also supported by New South 
Wales Office of Environment & Heritage and Parks Australia. R.R. 
acknowledges funding with a postdoctoral Ramón y Cajal contract 
of the Spanish Ministry of Economy, Industry and Competitiveness 
(RYC-2017-22055) and Z.Z. with a doctoral grant of the University 
of Barcelona (APIF-2012). We are grateful to the staff of Norfolk 
Island National Park, to volunteers, T. Chatwin, D. Dow, C. Lee, D. 
Terrington and L. Blight for assistance with project logistics and field 

exp

(

− 0.5

(

d − 12

1.2

)2
)



     |  2253Methods in Ecology and Evolu
onHALPIN et al.

work. Pacific tracking data were collected under Monash University 
Animal Ethics Permit BSCI/2017/42 and Parks Australia wildlife re-
search approvals. Tracking data from the Atlantic and Mediterranean 
were gathered with valuable help from many students and volun-
teers to whom we are enormously grateful. These data were col-
lected under the following permits: Cabildo de Lanzarote num. 
I-15-16-T, Cabildo Gran Canaria num. 1169, Excmo. Cabildo de 
Lanzarote 2107, Excmo. Cabildo de Lanzarote num. 1948, Excmo. 
Cabildo de Lanzarote num. 2018/2290, Generalitat Valenciana num. 
249-18 SGENP, Gobierno de Canarias num. 2011/0795, Gobierno de 
Canarias num. 2015/1170 & 2016/9887, Gobierno de Canarias num. 
2018/6432, Govern Balear num. ANE-02/2017, Govern Balear num. 
ANE-05/2016, Govern Balear num. CEP-24/2015, Govern Balear 
num. CEP-30/2016, Govern Balear num. CEP-31/2014, Parque 
Nacional num. 160/15, Parque Nacional num. RES-AUT I03/2015, 
Región de Murcia num. AUF20140056.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHORS'  CONTRIBUTIONS
L.R.H. and J.D.R. conceived the project idea and co-designed the 
research; L.R.H. acquired funding and scientific permits, collected 
Pacific data, analysed the data and led the writing of the manuscript; 
J.D.R. generated positions of geolocator data, performed data anal-
ysis and contributed to writing the manuscript; R.M. helped with 
data analysis and contributed to project development and writing 
the manuscript; N.C. contributed to project development and ideas, 
permit acquisition and funding and assisted with Pacific data col-
lection and writing the manuscript; N.G. helped with data analysis 
and contributed to writing the manuscript; R.R. was responsible 
for collating the Atlantic and Mediterranean tracking data; R.R. and 
J.G.-S. acquired funding and scientific permits, collected Atlantic 
and Mediterranean data, and assisted with writing the manuscript; 
J.M.R.-G., T.M., Z.Z., M.C.-F., S.S., V.M.-P., and L.Z. collected Atlantic 
data; F.D.F. and L.N.-H. collected Mediterranean data; R.H.C. con-
tributed to project development, acquisition of scientific permits 
and funding and assisted with Pacific data collection and writing the 
manuscript. All authors contributed critically to manuscript drafts 
and gave final approval for publication.

DATA AVAIL ABILIT Y S TATEMENT
Data and code used in these analyses are archived on the Dryad 
Digital Repository https://doi.org/10.5061/dryad.gb5mk​kwpf (Halpin 
et al., 2021).

ORCID
Luke R. Halpin   https://orcid.org/0000-0003-4108-0871 
Jeremy D. Ross   https://orcid.org/0000-0001-7518-5845 
Raül Ramos   https://orcid.org/0000-0002-0551-8605 
Rowan Mott   https://orcid.org/0000-0002-3508-6479 
Nicholas Carlile   https://orcid.org/0000-0001-5241-6102 
Nick Golding   https://orcid.org/0000-0001-8916-5570 

José Manuel Reyes-González   https://orcid.
org/0000-0001-8311-3235 
Teresa Militão   https://orcid.org/0000-0002-2862-1592 
Fernanda De Felipe   https://orcid.org/0000-0003-3131-3563 
Zuzana Zajková   https://orcid.org/0000-0002-7540-3651 
Marta Cruz-Flores   https://orcid.org/0000-0001-9905-4727 
Virginia Morera-Pujol   https://orcid.org/0000-0001-6500-5548 
Leia Navarro-Herrero   https://orcid.org/0000-0001-6725-8354 
Laura Zango   https://orcid.org/0000-0003-0909-2493 
Jacob González-Solís   https://orcid.org/0000-0002-8691-9397 
Rohan H. Clarke   https://orcid.org/0000-0002-6179-8402 

R E FE R E N C E S
Barron, D. G., Brawn, J. D., & Weatherhead, P. J. (2010). Meta-

analysis of transmitter effects on avian behaviour and ecol-
ogy. Methods in Ecology and Evolution, 1(2), 180–187. https://doi.
org/10.1111/j.2041-210X.2010.00013.x

Beck, C. A., McMillan, J. I., & Bowen, W. D. (2002). An algorithm to 
improve geolocation positions using sea surface temperature and 
diving depth. Marine Mammal Science, 18(4), 940–951. https://doi.
org/10.1111/j.1748-7692.2002.tb010​83.x

Block, B. A., Dewar, H., Williams, T., Prince, E. D., Farwell, C., & Fudge, 
D. (1998). Archival tagging of Atlantic bluefin tuna (Thunnus thynnus 
thynnus). Marine Technology Society Journal, 32(1), 37–46.

Bridge, E. S., Thorup, K., Bowlin, M. S., Chilson, P. B., Diehl, R. H., Fléron, 
R. W., Hartl, P., Kays, R., Kelly, J. F., Robinson, W. D., & Wikelski, M. 
(2011). Technology on the move: Recent and forthcoming innova-
tions for tracking migratory birds. BioScience, 61, 689–698. https://
doi.org/10.1525/bio.2011.61.9.7

Burger, A. E., & Shaffer, S. A. (2008). Application of tracking and data-
logging technology in research and conservation of seabirds. The 
Auk, 125(2), 253–264. https://doi.org/10.1525/auk.2008.1408

Calenge, C. (2006). The package ‘adehabitat’ for the R software: A 
tool for the analysis of space and habitat use by animals. Ecological 
Modelling, 197(3–4), 516–519. https://doi.org/10.1016/J.ECOLM​
ODEL.2006.03.017

Clay, T. A., Oppel, S., Lavers, J. L., Phillips, R. A., & de Brooke, M. L. (2018). 
Divergent foraging strategies during incubation of an unusually 
wide-ranging seabird, the Murphy's petrel. Marine Biology, 166(1), 8. 
https://doi.org/10.1007/s0022​7-018-3451-7

Corre, M. L., & Jouventin, P. (1997). Kleptoparasitism in tropical sea-
birds: Vulnerability and avoidance responses of a host species, 
the red-footed booby. The Condor, 99(1), 162–168. https://doi.
org/10.2307/1370234

Croxall, J. P., Silk, J. R. D., Phillips, R. A., Afanasyev, V., & Briggs, D. R. 
(2005). Global circumnavigations: Tracking year-round ranges of 
nonbreeding albatrosses. Science, 307(5707), 249–250. https://doi.
org/10.1126/scien​ce.1106042

Delong, R. L., Stewart, B. S., & Hill, R. D. (1992). Documenting migrations 
of northern elephant seals using day length. Marine Mammal Science, 
8(2), 155–159. https://doi.org/10.1111/j.1748-7692.1992.tb003​75.x

Egevang, C., Stenhouse, I. J., Phillips, R. A., Petersen, A., Fox, J. W., & 
Silk, J. R. D. (2010). Tracking of Arctic terns Sterna paradisaea reveals 
longest animal migration. Proceedings of the National Academy of 
Sciences of the United States of America, 107(5), 2078–2081. https://
doi.org/10.1073/pnas.09094​93107

Ekstrom, P. A. (2004). An advance in geolocation by light. Memoirs of 
National Institute of Polar Research, Special Issue, 58, 210–226.

Fayet, A. L., Freeman, R., Shoji, A., Boyle, D., Kirk, H. L., Dean, B. J., 
Perrins, C. M., & Guilford, T. (2016). Drivers and fitness consequences 

https://doi.org/10.5061/dryad.gb5mkkwpf
https://orcid.org/0000-0003-4108-0871
https://orcid.org/0000-0003-4108-0871
https://orcid.org/0000-0001-7518-5845
https://orcid.org/0000-0001-7518-5845
https://orcid.org/0000-0002-0551-8605
https://orcid.org/0000-0002-0551-8605
https://orcid.org/0000-0002-3508-6479
https://orcid.org/0000-0002-3508-6479
https://orcid.org/0000-0001-5241-6102
https://orcid.org/0000-0001-5241-6102
https://orcid.org/0000-0001-8916-5570
https://orcid.org/0000-0001-8916-5570
https://orcid.org/0000-0001-8311-3235
https://orcid.org/0000-0001-8311-3235
https://orcid.org/0000-0001-8311-3235
https://orcid.org/0000-0002-2862-1592
https://orcid.org/0000-0002-2862-1592
https://orcid.org/0000-0003-3131-3563
https://orcid.org/0000-0003-3131-3563
https://orcid.org/0000-0002-7540-3651
https://orcid.org/0000-0002-7540-3651
https://orcid.org/0000-0001-9905-4727
https://orcid.org/0000-0001-9905-4727
https://orcid.org/0000-0001-6500-5548
https://orcid.org/0000-0001-6500-5548
https://orcid.org/0000-0001-6725-8354
https://orcid.org/0000-0001-6725-8354
https://orcid.org/0000-0003-0909-2493
https://orcid.org/0000-0003-0909-2493
https://orcid.org/0000-0002-8691-9397
https://orcid.org/0000-0002-8691-9397
https://orcid.org/0000-0002-6179-8402
https://orcid.org/0000-0002-6179-8402
https://doi.org/10.1111/j.2041-210X.2010.00013.x
https://doi.org/10.1111/j.2041-210X.2010.00013.x
https://doi.org/10.1111/j.1748-7692.2002.tb01083.x
https://doi.org/10.1111/j.1748-7692.2002.tb01083.x
https://doi.org/10.1525/bio.2011.61.9.7
https://doi.org/10.1525/bio.2011.61.9.7
https://doi.org/10.1525/auk.2008.1408
https://doi.org/10.1016/J.ECOLMODEL.2006.03.017
https://doi.org/10.1016/J.ECOLMODEL.2006.03.017
https://doi.org/10.1007/s00227-018-3451-7
https://doi.org/10.2307/1370234
https://doi.org/10.2307/1370234
https://doi.org/10.1126/science.1106042
https://doi.org/10.1126/science.1106042
https://doi.org/10.1111/j.1748-7692.1992.tb00375.x
https://doi.org/10.1073/pnas.0909493107
https://doi.org/10.1073/pnas.0909493107


2254  |    Methods in Ecology and Evolu
on HALPIN et al.

of dispersive migration in a pelagic seabird. Behavioral Ecology, 27(4), 
1061–1072. https://doi.org/10.1093/behec​o/arw013

Forin-Wiart, M. A., Hubert, P., Sirguey, P., & Poulle, M. L. (2015). 
Performance and accuracy of lightweight and low-cost GPS data log-
gers according to antenna positions, fix intervals, habitats and animal 
movements. PLoS ONE, 10(6), 1–21. https://doi.org/10.1371/journ​
al.pone.0129271

Fudickar, A. M., Wikelski, M., & Partecke, J. (2012). Tracking migratory 
songbirds: Accuracy of light-level loggers (geolocators) in forest 
habitats. Methods in Ecology and Evolution, 3(1), 47–52. https://doi.
org/10.1111/j.2041-210X.2011.00136.x

Fuller, W., Broderick, A., Phillips, R., Silk, J., & Godley, B. (2008). Utility 
of geolocating light loggers for indicating at-sea movements in sea 
turtles. Endangered Species Research, 4(1–2), 139–146. https://doi.
org/10.3354/esr00048

González-Solís, J., Croxall, J. P., Oro, D., & Ruiz, X. (2007). Trans-equatorial 
migration and mixing in the wintering areas of a pelagic seabird. 
Frontiers in Ecology and the Environment, 5(6), 297–301. https://doi.
org/10.1890/1540-9295(2007)5[297:TMAMI​T]2.0.CO;2

Gow, E. A. (2016). Analyzing geolocator data for birds that roost in cavi-
ties year-round. Journal of Field Ornithology, 87(1), 74–83. https://doi.
org/10.1111/jofo.12130

Guilford, T., Meade, J., Willis, J., Phillips, R. A., Boyle, D., Roberts, S., 
Collett, M., Freeman, R., & Perrins, C. M. (2009). Migration and stop-
over in a small pelagic seabird, the Manx shearwater Puffinus puffi-
nus: Insights from machine learning. Proceedings of the Royal Society 
B, 276(1660), 1215–1223. https://doi.org/10.1098/rspb.2008.1577

Gunn, J., Polacheck, T., Davis, T., Sherlock, M., & Betlehem, A. (1994). 
The development and use of archival tags for studying the migration, 
behaviour and physiology of southern bluefin tuna, with an assess-
ment of the potential for transfer of the technology to groundfish re-
search. In ICES Mini Symposium on Fish Migration, ICES, Copenhagen, 
Vol. 21, pp. 1–23.

Halpin, L. R., Pollet, I. L., Lee, C., Morgan, K. H., & Carter, H. R. (2018). 
Year-round movements of sympatric Fork-tailed (Oceanodroma 
furcata) and Leach's (O. leucorhoa) storm-petrels. Journal of Field 
Ornithology, 89(3), 207–220. https://doi.org/10.1111/jofo.12255

Halpin, L. R., Ross, J. D., Ramos, R., Mott, R., Carlile, N., Golding, N., Reyes-
González, J. M., Militão, T., De Felipe, F., Zajková, Z., Cruz Flores, 
M., Saldanha, S., Morera-Pujol, V., Navarro-Herrero, L., Zango, L., 
Gonzalez-Solis, J., & Clarke, R. H. (2021). Data from: Double-tagging 
scores of seabirds reveals that light-level geolocator accuracy is lim-
ited by species idiosyncrasies and equatorial solar profiles. Dryad 
Digital Repository, https://doi.org/10.5061/dryad.gb5mk​kwpf

Hijmans, R. J. (2019). Geosphere: Spherical trigonometry. R package ver-
sion 1.5–10. Retrieved from https://cran.r-proje​ct.org/packa​ge=-
geosp​here

Hill, R. D. (1994). Theory of geolocation by light levels. In B. J. Le Boeuf 
& R. M. Laws (Eds.), Elephant seals: Population ecology, behavior, and 
physiology (pp. 227–236). University of California Press.

Howell, T. R., & Bartholomew, G. A. (1969). Experiments on nesting be-
havior of the red-tailed tropicbird, Phaethon rubricauda. The Condor, 
71(2), 113–119. https://doi.org/10.2307/1366072

Hulbert, I. A. R., & French, J. (2001). The accuracy of GPS for wildlife te-
lemetry and habitat mapping. Journal of Applied Ecology, 38, 869–878. 
https://doi.org/10.1046/j.1365-2664.2001.00624.x

Hull, C. L. (1999). The foraging zones of breeding royal (Eudyptes schlegeli) 
and rockhopper (E. chrysocome) penguins: An assessment of tech-
niques and species comparison. Wildlife Research, 26(6), 789–803. 
https://doi.org/10.1071/WR98028

Jones, C. W., Phillips, R. A., Grecian, W. J., & Ryan, P. G. (2020). Ecological 
segregation of two superabundant, morphologically similar, sister 
seabird taxa breeding in sympatry. Marine Biology, 167(45), 1–16. 
https://doi.org/10.1007/s0022​7-020-3645-7

Lascelles, B. G., Taylor, P. R., Miller, M. G. R., Dias, M. P., Oppel, S., Torres, 
L., Hedd, A., Le Corre, M., Phillips, R. A., Shaffer, S. A., Weimerskirch, 
H., & Small, C. (2016). Applying global criteria to tracking data 
to define important areas for marine conservation. Diversity and 
Distributions, 22, 422–431. https://doi.org/10.1111/ddi.12411

Le Boeuf, B. J., Crocker, D. E., Costa, D. P., Blackwell, S. B., Webb, P. 
M., & Houser, D. S. (2000). Foraging ecology of northern ele-
phant seals. Ecological Monographs, 70(3), 353–382. https://doi.
org/10.1890/0012-9615(2000)070[0353:FEONE​S]2.0.CO;2

Lisovski, S., Bauer, S., Briedis, M., Davidson, S. C., Dhanjal-Adams, 
K. L., Hallworth, M. T., Karagicheva, J., Meier, C. M., Merkel, B., 
Ouwehand, J., Pedersen, L., Rakhimberdiev, E., Roberto-Charron, 
A., Seavy, N. E., Sumner, M. D., Taylor, C. M., Wotherspoon, S. 
J., & Bridge, E. S. (2020). Light-level geolocator analyses: A us-
er's guide. Journal of Animal Ecology, 89(1), 221–236. https://doi.
org/10.1111/1365-2656.13036

Lisovski, S., & Hahn, S. (2012). GeoLight – Processing and analysing light-
based geolocator data in R. Methods in Ecology and Evolution, 3(6), 
1055–1059. https://doi.org/10.1111/j.2041-210X.2012.00248.x

Lisovski, S., Hewson, C. M., Klaassen, R. H. G., Korner-Nievergelt, 
F., Kristensen, M. W., & Hahn, S. (2012). Geolocation by 
light: Accuracy and precision affected by environmental fac-
tors. Methods in Ecology and Evolution, 3, 603–612. https://doi.
org/10.1111/j.2041-210X.2012.00185.x

McDuie, F., & Congdon, B. C. (2016). Trans-equatorial migration and non-
breeding habitat of tropical shearwaters: Implications for modelling 
pelagic Important Bird Areas. Marine Ecology Progress Series, 550, 
219–234. https://doi.org/10.3354/meps1​1713

McDuie, F., Weeks, S. J., Miller, M. G. R., & Congdon, B. C. (2015). 
Breeding tropical shearwaters use distant foraging sites when self-
provisioning. Marine Ornithology, 43, 123–129.

Merkel, B., Phillips, R. A., Descamps, S., Yoccoz, N. G., Moe, B., & Strøm, 
H. (2016). A probabilistic algorithm to process geolocation data. 
Movement Ecology, 4(26), 1–11. https://doi.org/10.1186/s4046​
2-016-0091-8

Musyl, M. K., Brill, R. W., Curran, D. S., Gunn, J. S., Hartog, J. R., Hill, R. D., 
Welch, D. W., Eveson, J. P., Boggs, C. H., Brainard, R. E., & Brainard, 
R. E. (2001). Ability of archival tags to provide estimates of geograph-
ical position based on light intensity. In J. R. Sibert & J. L. Nielsen 
(Eds.), Electronic tagging and tracking in marine fisheries (pp. 343–367). 
Springer. https://doi.org/10.1007/978-94-017-1402-0_19

Phillips, R. A., Silk, J. R. D., Croxall, J. P., & Afanasyev, V. (2006). Year-
round distribution of white-chinned petrels from South Georgia: 
Relationships with oceanography and fisheries. Biological Conservation, 
129(3), 336–347. https://doi.org/10.1016/j.biocon.2005.10.046

Phillips, R. A., Silk, J. R. D., Croxall, J. P., Afanasyev, V., & Briggs, D. R. 
(2004). Accuracy of geolocation estimates for flying seabirds. Marine 
Ecology Progress Series, 266, 265–272. https://doi.org/10.3354/
meps2​66265

Phillips, R. A., Xavier, J. C., & Croxall, J. P. (2003). Effects of satellite 
transmitters on albatrosses and petrels. The Auk, 120(4), 1082–1090. 
https://doi.org/10.1093/auk/120.4.1082

Pollet, I. L., Hedd, A., Taylor, P. D., Montevecchi, W. A., & Shutler, D. 
(2014). Migratory movements and wintering areas of Leach's Storm-
Petrels tracked using geolocators. Journal of Field Ornithology, 85(3), 
321–328. https://doi.org/10.1111/jofo.12071

Quillfeldt, P., Engler, J. O., Silk, J. R. D., & Phillips, R. A. (2017). Influence 
of device accuracy and choice of algorithm for species distribution 
modelling of seabirds: A case study using black-browed albatrosses. 
Journal of Avian Biology, 48(12), 1549–1555. https://doi.org/10.1111/
jav.01238

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.r-proje​ct.org/

https://doi.org/10.1093/beheco/arw013
https://doi.org/10.1371/journal.pone.0129271
https://doi.org/10.1371/journal.pone.0129271
https://doi.org/10.1111/j.2041-210X.2011.00136.x
https://doi.org/10.1111/j.2041-210X.2011.00136.x
https://doi.org/10.3354/esr00048
https://doi.org/10.3354/esr00048
https://doi.org/10.1890/1540-9295(2007)5%5B297:TMAMIT%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B297:TMAMIT%5D2.0.CO;2
https://doi.org/10.1111/jofo.12130
https://doi.org/10.1111/jofo.12130
https://doi.org/10.1098/rspb.2008.1577
https://doi.org/10.1111/jofo.12255
https://doi.org/10.5061/dryad.gb5mkkwpf
https://cran.r-project.org/package=geosphere
https://cran.r-project.org/package=geosphere
https://doi.org/10.2307/1366072
https://doi.org/10.1046/j.1365-2664.2001.00624.x
https://doi.org/10.1071/WR98028
https://doi.org/10.1007/s00227-020-3645-7
https://doi.org/10.1111/ddi.12411
https://doi.org/10.1890/0012-9615(2000)070%5B0353:FEONES%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070%5B0353:FEONES%5D2.0.CO;2
https://doi.org/10.1111/1365-2656.13036
https://doi.org/10.1111/1365-2656.13036
https://doi.org/10.1111/j.2041-210X.2012.00248.x
https://doi.org/10.1111/j.2041-210X.2012.00185.x
https://doi.org/10.1111/j.2041-210X.2012.00185.x
https://doi.org/10.3354/meps11713
https://doi.org/10.1186/s40462-016-0091-8
https://doi.org/10.1186/s40462-016-0091-8
https://doi.org/10.1007/978-94-017-1402-0_19
https://doi.org/10.1016/j.biocon.2005.10.046
https://doi.org/10.3354/meps266265
https://doi.org/10.3354/meps266265
https://doi.org/10.2307/4090279
https://doi.org/10.1111/jofo.12071
https://doi.org/10.1111/jav.01238
https://doi.org/10.1111/jav.01238
https://www.r-project.org/
https://www.r-project.org/


     |  2255Methods in Ecology and Evolu
onHALPIN et al.

Rakhimberdiev, E., Saveliev, A., Piersma, T., & Karagicheva, J. (2017). 
FLightR: An R package for reconstructing animal paths from solar 
geolocation loggers. Methods in Ecology and Evolution, 8(11), 1482–
1487. https://doi.org/10.1111/2041-210X.12765

Rakhimberdiev, E., Senner, N. R., Verhoeven, M. A., Winkler, D. W., 
Bouten, W., & Piersma, T. (2016). Comparing inferences of solar geo-
location data against high-precision GPS data: Annual movements of 
a double-tagged black-tailed godwit. Journal of Avian Biology, 47(4), 
589–596. https://doi.org/10.1111/jav.00891

Schreiber, R. W., & Chovan, J. L. (1986). Roosting by pelagic seabirds: 
Energetic, populational, and social considerations. The Condor, 88(4), 
487–492. https://doi.org/10.2307/1368276

Shaffer, S. A., Tremblay, Y., Awkerman, J. A., Henry, R. W., Teo, S. L. 
H., Anderson, D. J., Croll, D. A., Block, B. A., & Costa, D. P. (2005). 
Comparison of light- and SST-based geolocation with satellite te-
lemetry in free-ranging albatrosses. Marine Biology, 147, 833–843. 
https://doi.org/10.1007/s0022​7-005-1631-8

Shaffer, S. A., Tremblay, Y., Weimerskirch, H., Scott, D., Thompson, D. 
R., Sagar, P. M., Moller, H., Taylor, G. A., Foley, D. G., Block, B. A., 
& Costa, D. P. (2006). Migratory shearwaters integrate oceanic re-
sources across the Pacific Ocean in an endless summer. Proceedings 
of the National Academy of Sciences of the United States of America, 
103(34), 12799–12802. https://doi.org/10.1073/pnas.06037​15103

Spear, L. B., & Ainley, D. G. (1997). Flight speed of seabirds in relation 
to wind speed and direction. Ibis, 139(2), 234–251. https://doi.
org/10.1111/j.1474-919X.1997.tb046​21.x

Sumner, M. D., Wotherspoon, S. J., & Hindell, M. A. (2009). Bayesian es-
timation of animal movement from archival and satellite tags. PLoS 
ONE, 4(10). https://doi.org/10.1371/journ​al.pone.0007324

Teo, S. L. H., Boustany, A., Blackwell, S., Walli, A., Weng, K. C., & Block, 
B. A. (2004). Validation of geolocation estimates based on light level 
and sea surface temperature from electronic tags. Marine Ecology 
Progress Series, 283, 81–98. https://doi.org/10.3354/meps2​83081

Tuck, G. N., Polacheck, T., Croxall, J. P., Weimerskirch, H., Prince, P. A., 
& Wotherspoon, S. (1999). The potential of archival tags to provide 
long-term movement and behaviour data for seabirds: First results 
from wandering albatross Diomedea exulans of South Georgia and 

the Crozet Islands. Emu – Austral Ornithology, 99(1), 60–68. https://
doi.org/10.1071/MU99008

van Bemmelen, R., Moe, B., Hanssen, S. A., Schmidt, N. M., Hansen, 
J., Lang, J., Sittler, B., Bollache, L., Tulp, I., Klaassen, R., & Gilg, O. 
(2017). Flexibility in otherwise consistent non-breeding movements 
of a long-distance migratory seabird, the long-tailed skua. Marine 
Ecology Progress Series, 578, 197–211. https://doi.org/10.3354/
meps1​2010

Welch, D. W., & Eveson, J. P. (1999). An assessment of light-based geopo-
sition estimates from archival tags. Canadian Journal of Fisheries and 
Aquatic Sciences, 56(7), 1317–1327. https://doi.org/10.1139/f99-049

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal 
likelihood estimation of semiparametric generalized linear models. 
Journal of the Royal Statistical Society: Series B (Statistical Methodology), 
73(1), 3–36. https://doi.org/10.1111/j.1467-9868.2010.00749.x

Wotherspoon, S., Sumner, M., & Lisovski, S. (2016). TwGeos: Basic data 
processing for light-level geolocation archival tags. Version 0.0-1.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Halpin, L. R., Ross, J. D., Ramos, R., 
Mott, R., Carlile, N., Golding, N., Reyes-González, J. M., Militão, 
T., De Felipe, F., Zajková, Z., Cruz-Flores, M., Saldanha, S., 
Morera-Pujol, V., Navarro-Herrero, L., Zango, L., González-
Solís, J., & Clarke, R. H. (2021). Double-tagging scores of 
seabirds reveals that light-level geolocator accuracy is limited 
by species idiosyncrasies and equatorial solar profiles. Methods 
in Ecology and Evolution, 12, 2243–2255. https://doi.
org/10.1111/2041-210X.13698

https://doi.org/10.1111/2041-210X.12765
https://doi.org/10.1111/jav.00891
https://doi.org/10.2307/1368276
https://doi.org/10.1007/s00227-005-1631-8
https://doi.org/10.1073/pnas.0603715103
https://doi.org/10.1111/j.1474-919X.1997.tb04621.x
https://doi.org/10.1111/j.1474-919X.1997.tb04621.x
https://doi.org/10.1371/journal.pone.0007324
https://doi.org/10.3354/meps283081
https://doi.org/10.1071/MU99008
https://doi.org/10.1071/MU99008
https://doi.org/10.3354/meps12010
https://doi.org/10.3354/meps12010
https://doi.org/10.1139/f99-049
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/2041-210X.13698
https://doi.org/10.1111/2041-210X.13698

