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Abstract

The use of GPS tracking technologies has revolutionized the study of animal movement pro-

viding unprecedentedly detailed information. The characterization of GPS accuracy and pre-

cision under different conditions is essential to correctly identify the spatial and temporal

resolution at which studies can be conducted. Here, we examined the influence of fix acqui-

sition interval and device deployment on the performance of a new GPS/GSM solar pow-

ered device. Horizontal and vertical accuracy and precision of locations were obtained

under different GPS fix acquisition intervals (1min, 20 min and 60 min) in a stationary test.

The test devices were deployed on pre-fledgling white storks (Ciconia ciconia) and we quan-

tified accuracy and precision after deployment while controlling for bias caused by variation

in habitat, topography, and animal movement. We also assessed the performance of GPS-

Error, a metric provided by the device, at identifying inaccurate locations (> 10 m). Average

horizontal accuracy varied between 3.4 to 6.5 m, and vertical accuracy varied between 4.9

to 9.7 m, in high (1 min) and low frequency (60 min) GPS fix intervals. These values were

similar after the deployment on white storks. Over 84% of GPS horizontal positions and

71% of vertical positions had less than 10m error in accuracy. Removing 3% of data with

highest GPS-Error eliminated over 99% of inaccurate positions in high GPS frequency inter-

vals, but this metric was not effective in the low frequency intervals. We confirmed the suit-

ability of these devices for studies requiring horizontal and vertical accuracies of 5-10m. For

higher accuracy data, intensive GPS fix intervals should be used, but this requires more

sophisticated battery management, or larger batteries and devices.

Introduction

The collection of animal movement data has substantially benefited from rapid technological

advances. New tracking technologies enable researchers to unravel novel patterns of animal
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behavior and collect detailed spatial and temporal resolution data that can inform species con-

servation and management [1]. High accuracy Global Positioning System (GPS) technology

devices are now commonly used to track wildlife across taxa and environments and have

improved the study of animal movement and habitat use [2, 3], revolutionizing the field of

movement ecology [4].

The GPS location data can be archived or remotely transmitted by the tracking devices. The

ability to remotely transmit data is particularly convenient and allows researchers to track ani-

mals that are difficult to recapture and to collect data at higher fix intervals, since data is recov-

ered regardless of the animals’ movements or the device memory [3]. There are several

transmission protocols, but Global System for Mobile communications / General Packet

Radio Service (GSM/GPRS) has become widely used enabling worldwide transmission of large

quantities of GPS data with reduced communications costs [1]. The combination of affordable

remote transmission of data with solar power energy led to an improvement in device longev-

ity and an exponential increase in tracking data collection [3].

The spatial resolution of the location data obtained by GPS tracking devices can vary due to

environmental and technical reasons. The main environmental sources of variability in GPS

device performance are topography [5, 6] and habitat [7–10]. GPS accuracy tends to decrease

in areas with closed canopy forests [11–17] (but see [18]), where GPS fix acquisition rates are

reduced given the attenuation of GPS signal resulting from poor sky availability [6, 7, 17, 19].

Moreover, in solar powered devices, fix acquisition rates can be reduced due to poor charging

conditions [17]. Accuracy variability can also result from technical aspects related with signal

acquisition, for example, the number [20] and geometry of satellites in the sky [19], which is

quantified by the dilution of precision (DOP) metric. Higher DOP values indicate lower accu-

racy and can be due to poor satellite configuration, low number of satellites available, or

increased triangulation errors due to clustering of satellites [16, 19, 20]. Both the number of

satellites [5, 13, 21] and DOP [13, 18, 19, 22] are metrics that can be used to identify and elimi-

nate low accuracy locations, but these methods tend to be poor predictors of fix accuracy [7,

17, 23].

After attaching the GPS device to the animal (hereafter, device deployment), the morphol-

ogy, movement and behavior of animals can also influence both accuracy [7, 24] and fix acqui-

sition success [13, 25–27] (but see [28]), hence device accuracy should be quantified before

and after deployment. Stationary tests can be used to quantify performance before deploy-

ment, by comparing the distance between the estimated location given by the tracking device

and the true location obtained by an independent method. These tests can provide realistic

assessments of location error and determine device accuracy [13, 17, 22, 23]. However, it is dif-

ficult to assess device performance after deployment, as it requires knowing the exact positions

of the animals after deployment [28, 29], thus accuracy after deployment is normally assessed

using pets [7, 10].

It is important to quantify the spatial resolution of data obtained from tracking devices and

provide accuracy estimates to the locations used in research applied to conservation and policy

making [1]. Low horizontal GPS accuracy can detrimentally affect habitat selection studies,

leading to poor model precision [30–33], while low vertical accuracy can be critical when

determining flight altitude [34, 35], collision risk with human infrastructures [36–38], and for

determining 3D habitat utilization distributions of airborne animals [37, 39]. Determining

ways to identify low accuracy positions would enable researchers to increase the quality of the

location datasets obtained and minimize the constraints caused by low accuracy GPS

locations.

With an increasing use of GPS tracking technology, new devices are currently being

designed and developed. Differences in hardware and software can influence the performance
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of tracking devices [6, 15, 30, 35], therefore it is critical to assess their accuracy and precision

in order to understand their applicability in ecological studies. Here, we describe a novel GPS/

GPRS wildlife tracking device and quantify its horizontal and vertical accuracy and precision

in stationary tests and after deployment on large birds. We examine device variability and

assess if GPS-Error, a metric calculated by the GPS device, can be used to identify low-accuracy

locations. We assess the performance of the devices in field conditions and discuss their use in

ecological and conservation studies.

Materials and methods

GPS/GPRS devices

The Movetech Telemetry Flyways-50 is a compact Quad-band GPS/GPRS unit, a 22% effi-

ciency solar cell, a Lithium-Ion battery, and a nylon plastic 3-D printed housing. The device

weight starts at 23g. In this test we used the 50g model suitable for deployment on large birds,

such as white storks [40–42] or Spanish imperial eagles [43]. The GPS/GPRS unit contains a

GPS module with an on-board chip antenna. The GPS determines the 3D fix coordinates (hor-

izontal and altitude above the ellipsoid) when 4 or more satellites are in view. The device can

be programmed to log GPS data from 1 second to 24 hours, allowing for different day and

night intervals. The intervals can be updated over the air, permitting an adaptation of the

schedule to new environmental conditions.

The GPS unit provides an estimate of the positional error (hereafter GPS-Error), which con-

siders the maximum latitude/longitude position displacement in meters with a probability of

67% (i.e., ± 1 standard deviation). This metric is calculated directly by the GPS module and is

more reliable than using single metrics of error (e.g. Horizontal Dilution of Precision or num-

ber of satellites used to obtain the fix) [44]. The data can be transferred to Movebank [45], and

then visualized and downloaded for further analysis.

The GSM/GPRS unit, coupled with an agnostic SIM-card, provides global cellular connec-

tivity and there is no external antenna, minimizing drag and interference with animal move-

ments. These are archival devices with a memory for over 60,000 records, reducing the risk of

data loss when the animal is in areas without GPRS network.

Accuracy and precision in stationary test

We assessed the accuracy (closeness of the GPS locations to a known location, in meters) and

precision (closeness of the GPS locations to each other, in meters) of the devices in a stationary

test, using 11 GPS/GPRS tracking devices, fully sealed within a nylon plastic housing of

medium thickness (between 1.5–2 mm) and ready for animal deployment. The stationary test

was completed on a triangulation station located in Southern Portugal. The surrounding land-

scape is characterized by low altitude, slightly undulating plains, with large areas of non-irri-

gated agricultural land and low density of cork (Quercus suber) and holm-oak trees (Quercus
ilex). We placed all the devices on top of a triangulation station simultaneously, at about 2 m

above the ground, with a clear and uninterrupted view of the sky and programmed the devices

over the air at three fix intervals: collecting GPS data every 1 min, 20 min and 60 min.

Horizontal accuracy was calculated as the distance between the coordinates obtained by the

devices and the precise coordinates of the triangulation station, provided by the Direção-Geral

do Território (DGT) [46]. Vertical accuracy was calculated as the difference between the alti-

tude above the ellipsoid of the top of the triangulation station, and the altitude obtained by the

devices. Negative vertical accuracy values are obtained when the GPS device’s altitude value is

higher than the true altitude, and positive values result from a reading smaller than the true

altitude. Hence, we quantified biases in under or overestimation of vertical locations.
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The horizontal precision was determined using the mean and standard deviation of the geo-

desic distance between all locations obtained by the tracking devices, and the vertical precision

as the mean absolute difference between all altitude readings of each device.

We performed a Kruskal-Wallis statistical analysis to assess differences in accuracy and pre-

cision between devices. We used data from all devices to compare the accuracy and precision

of the positions collected at different fix intervals.

Identification of inaccurate positions

We examined if the GPS-Error metric, calculated by the device, could be used to identify hori-

zontal and vertically inaccurate positions (horizontal and vertical locations with more than 10

m error). Location error was classified in three categories: 11–20 m, 21–30 m and larger than

30 m. For each tracking device, we excluded 1%, 3%, 5% and 10% of the positions with highest

GPS-Error and determined the proportion of locations with above errors remaining in the

dataset. We compared the reliability of GPS-Error at identifying the locations with the highest

vertical and horizontal error for the three device schedules tested.

Accuracy and precision after deployment on birds

To assess the accuracy and precision of GPS devices before deployment, we performed a sta-

tionary test on 17 GPS-GPRS devices, programmed with 20 min fix interval, fully sealed within

a reinforced housing (between 3–4 mm thickness) and ready for deployment on white storks.

The GPS devices were left in the triangulation station for a minimum of 4 days and a maxi-

mum of 15 days. We calculated the horizontal and vertical position of the triangulation station

by averaging 3 GPS positions and 3 altitude readings collected with a Ashtech ProMark 220

and an Ashtech 660 external antenna, on differential GPS mode (dGPS). The dGPS provided

readings with a horizontal accuracy of 0.98 m (± 0.07 m) and vertical accuracy of 0.57 m

(±0.42 m). By using the dGPS coordinates instead of the coordinates provided by DGT, we

were able to replicate this protocol to calculate the precise location of the white stork nests and

reliably compare the performance of the GPS devices before and after deployment.

After the stationary test, the 17 devices were deployed on white stork pre-fledging chicks

(Ciconia ciconia) on nests located in the same region as the stationary test (approximately 50

km radius), in order to control for possible GPS sources error, such as different topography or

habitat. The white stork chicks tagged were approximately 50 days old, had a minimum wing

length of 400 mm and minimum weight 2.9 kg. The device and harness weighted less than 3%

of the storks’ body weight. The loggers were back-mounted using a Teflon harness, with a

weak link consisting of biodegradable cotton stitches below the sternum [40, 42]. This study

was carried out in accordance with the recommendations of Instituto da Conservação da Nat-

ureza e das Florestas and was approved by the Animal Welfare & Ethical Review Board from

the School of Biological Sciences at the University of East Anglia. Licenses to deploy the loggers

were granted by the Instituto da Conservação da Natureza e das Florestas (license number

364/2020/CAPT to 368/2020/CAPT).

The nests were located on top of trees providing the devices a clear and uninterrupted view

of the sky. To calculate the precise horizontal and vertical position of the nest, we averaged 3

GPS coordinates collected with the dGPS on top of the nest. To calculate the tracking device

accuracy and precision after deployment we considered the GPS positions collected during the

first 7 days after deployment to guarantee the data was obtained prior to fledgling, as white

stork juveniles do not fledge before 65 days. Horizontal and vertical accuracy, and horizontal

and vertical precision of the devices before and after deployment were calculated as described

above. We performed a Kruskal-Wallis statistical analysis to assess differences in accuracy and
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precision before and after deployment. All analysis were performed in R software [47], and dis-

tances calculated using package geosphere [48].

Results

Stationary test

During the stationary test, we collected a variable number of GPS fixes per device using three

GPS fix collection intervals (1 min, 20 min and 60 min), with a 100% fix acquisition rate

(Table 1).

There was a significant decrease in horizontal (χ2 = 508.07, df = 2, p-value <0.001) and ver-

tical (χ2 = 168.23, df = 2, p-value <0.001) accuracy and horizontal (χ2 = 108.41, df = 2, p-value

<0.001) and vertical (χ2 = 361.90, df = 2, p-value<0.001) precision with increasing GPS fix

acquisition intervals (Fig 1). The horizontal accuracy in the 1 min fix interval was 3.40 m

(±3.10 m) and vertical accuracy was 4.95 m (±4.12 m) and decreased to 6.50 m (±8.34 m) and

9.69 m (±19.28 m) horizontal and vertical accuracy, respectively, in the 20 and 60 min fix inter-

val. Vertical location error was approximately symmetric around zero during the longer fix

intervals; during short intervals, the vertical errors were always positive, indicating a consistent

underestimation of true altitude. Precision was also influenced by the fix collection interval. In

the 1 min interval, the horizontal precision was 4.93 m (± 4.15 m) and vertical precision 3.60

m (± 5.90 m). In the 60 min interval, the horizontal precision was 9.15 m (± 9.46 m) and verti-

cal precision 14.31 m (± 24.95 m), with intermediate values in the 20 min interval (horizontal

precision = 6.14 m ± 5.46 m, vertical precision = 8.79 m ± 9.17 m) (Table 1).

There was significant variability in accuracy between devices both in the 20 min

(χ2 = 82.46, df = 9, p-value<0.001) and 60 min interval (χ2 = 22.62, df = 6, p-value <0.001),

however, all devices consistently increased in accuracy in higher frequency GPS fix collection

intervals (Fig 2).

Identification of inaccurate positions

The proportion of horizontally accurate positions (location error < 10 m) varied according to

the device (Fig 3). Approximately 98% and 96% of the positions had a horizontal error below

10 m in the high frequency 1 min and 20 min intervals, respectively. The proportion of accu-

rate locations declined to 83%, in the 60 min fix interval. Vertical accuracy also declined from

98% in the high frequency interval to approximately 71% in the 60 min fix intervals. GPS-Error
provided a good metric to identify the locations that were less accurate in high intensity fix

intervals. Eliminating 3% of the data with the highest GPS-Error obtained with the 1min fix

Table 1. Number of devices and locations collected during stationary and deployment tests.

Treatment Fix interval Number of devices Number of locations Horizontal Vertical

Accuracy Mean (sd) Precision Mean (sd) Accuracy Mean (sd) Precision Mean (sd)

Stationary 1 min 1 1929 3.40 (3.10) 4.93 (4.15) 4.95 (4.12) 3.60 (5.94)

20 min 10 2203 4.23 (4.28) 6.14 (5.46) 6.56 (6.72) 8.79 (9.17)

60 min 7 1488 6.50 (8.34) 9.15 (9.46) 9.69 (19.28) 14.31 (24.95)

Before

Deployment

20 min 17 7333 4.21 (18.0) 7.10 (23.4) 7.00 (71.0) 11.00 (85.1)

After Deployment 20 min 17 5204 4.10 (15.0) 6.72 (19.7) 6.00 (56.0) 10.00 (66.8)

Mean and standard deviation of horizontal and vertical accuracy and precision, in meters, in the different fix intervals.

https://doi.org/10.1371/journal.pone.0265541.t001
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interval, reduced 99% of positions with�10 m horizontal and vertical errors. GPS-Error was

not effective at identifying the inaccurate locations in the less intensive schedules (Fig 3).

Performance after deployment

In total, across all 16 devices we collected 7,333 positions during the stationary test and 5,204

GPS positions during the deployment test. Horizontal accuracy did not change after deploy-

ment of the devices on white storks (χ2 = 3.80, df = 1, p-value = 0.051), the mean accuracy was

4.21 m (± 18 m) before and 4.10 m (± 15 m) after deployment (Fig 4). Vertical accuracy

improved after deployment (χ2 = 43.72, df = 1, p-value <0.001), from 7 m (± 71 m) to 6 m

(±56 m). Both horizontal and vertical precisions improved after deployment. Horizontal preci-

sion was 7.10 m (± 23 m) before and 6.72 m (± 19.7 m) after deployment (χ2 = 4543.2, df = 1,

p-value <0.001), and vertical precision improved from 11m (± 85 m) to 10 m (± 67 m) after

deployment (χ2 = 6824.0, df = 1, p-value <0.001) (Table 1).

Discussion

In this study, we quantify the accuracy and precision of Flyway 50 Movetech Telemetry track-

ing devices and assess its suitability for studies that require high spatial resolution. Horizontal

(3.40 m at 1 min fix interval) and vertical (4.95 m at 1 min fix interval) accuracies improved

Fig 1. Horizontal and vertical accuracy and precision of devices programmed in different GPS fix intervals.

Horizontal (A) and vertical (B) accuracy, and horizontal (C) and vertical (D) precision in meters of devices

programmed with fix intervals of 1 minute, 20 minutes and 60 minutes. The box represents 25, 50 and 75% of the data

and the error bar represents 5% and 95% of the data.

https://doi.org/10.1371/journal.pone.0265541.g001
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Fig 2. Horizontal and vertical accuracy variability of devices programmed on a 20 and 60 min GPS fix interval. Horizontal (A) and vertical (B)

accuracy of tracking devices programmed to collect GPS locations every 20 and 60 minutes. The error bars represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0265541.g002

Fig 3. Identification of inaccurate positions in different GPS fix intervals. Percentage of locations with horizontal and vertical error larger

than 10 meters for each device, and after removing the points with largest GPS-Error and remaining with 99%, 97%, 93%, 95% and 90% of the

original data. The dash line indicates 1% of locations with vertical and horizontal errors larger than 10 meters.

https://doi.org/10.1371/journal.pone.0265541.g003
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with decreasing fix intervals and were not negatively affected after deployment on birds. This

accurate spatial resolution data enables ecological and behavioral studies that require highly

accurate and precise information.

GPS fix interval

The fix interval influenced the accuracy and precision of the devices, with a loss of 3.10 m and

4.74 m in horizontal and vertical accuracy, respectively, from the 1 min to 60 min interval

(6.50 m horizontal and 9.69 m vertical accuracy at 60 min fix interval). While we found signifi-

cant variability in device performance, all except one device, had lower accuracy in the 20 min

and 60 min fix intervals compared to the device programmed with 1 min fix intervals. Thus,

these results support previous findings that longer fix intervals have a negative effect on loca-

tion accuracy [9, 24, 49]. The GPS units store information on the satellite constellation of the

previous fix for a period of time (ephemeris retention), which increases the performance of the

device when calculating a new location [9], by increasing GPS location acquisition success [6]

and providing a fix in a shorter period of time [14], usually designated as a warm start. How-

ever, Cain III et al. [6] did not find an effect of fix interval on accuracy and Jiang et al. [14]

found that the positions obtained with longer fix intervals (60 min) had lower DOP than in

shorter intervals. Forin-Wiart et al. [10] found higher location errors in the 5 min interval,

compared to 15 and 60 min intervals. They proposed that given the high temporal correlation

between fixes, a low accuracy location would influence the following GPS position, decreasing

the overall accuracy of the device. Our findings do not support this theory, even with similar

fix intervals and in similar, open area habitat. This difference in results highlights the impor-

tance of testing the GPS units from different manufacturers, as they might produce different

results [6, 15, 30]. Moreover, with newly developed loggers that collect data in different inter-

vals according to the battery performance (e.g. dynamic fix transmitters [17]), the fix interval

should be taken into consideration when accounting for device accuracy.

Fig 4. Cumulative frequency of horizontal and vertical accuracy before and after deployment on white storks. Cumulative frequency of (A)

horizontal and (B) vertical errors (in m) of 16 GPS/GPRS devices before deployment (grey dashed line) and after deployment on white storks (black

line). Shaded areas represent the standard deviation of the errors.

https://doi.org/10.1371/journal.pone.0265541.g004
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Performance after deployment

After deployment on white storks, we did not find a decrease in horizontal accuracy. In fact,

the devices performed slightly better after deployment than before (increase in 1 m vertical

accuracy and 0.38 m in horizontal precision and 1 m in vertical precision).

The performance of GPS devices can be influenced by environmental factors, such as

topography [6] and habitat [7, 23]. Vegetation structure and proximity to buildings might also

decrease the sky availability and reflect the GPS signal, which increases location error [23]. In

our study design, we avoided topography and habitat bias by performing the stationary tests

geographically close to the deployment locations. However, the stationary test before deploy-

ment was performed with our tested devices in close proximity to each other (less than 2cm

apart) and on the cement structure the triangulation station, which could have decreased the

accuracy of the devices before deployment due to the reflection of the GPS signal.

Moreover, after deployment, the storks were on nests located on top of high trees with

uninterrupted view of the sky, which could have slightly increased the accuracy and precision

of the devices. Other studies have found that animal movement [7, 16, 26], behavior [25, 27]

morphology of the animal [26] and tag attachment method [50] can restrain the signal recep-

tion. The angle of the GPS antenna in relation to the sky has been found to influence the per-

formance of the device, with lower fix acquisition success [8, 28] and lower accuracy [10, 22,

51] when the antenna is not directly facing the sky. When estimating the post-deployment

device accuracy and precision, we prevented animal movement and behavior bias by deploying

the devices on birds before fledging. However, device position varied between 0˚, when the

bird is lying on the nest, and close to 80˚ when the bird is standing (Fig 5). Despite this large

variation in antenna position, white stork chicks spend a large proportion of the time lying on

the nest (pers. obs.), therefore the influence of GPS antenna position on device performance

was likely negligible.

Finally, although GPS signal travels through leaves, tree trunks and animal’s bodies, there is

a reduction of the signal strength and the degree of attenuation depends on the material and

distance that the signal has to travel [52]. Our deployed devices were tested within a reinforced

housing, with thicker nylon (between 3–4 mm thickness), which might have increased the

number of low accuracy positions when compared to the initial stationary test (Table 1). Nev-

ertheless, after deployment the tested devices proved to be highly accurate, with over 84% and

71% GPS positions with less than 10 m horizontal and vertical error, respectively.

Elimination of inaccurate positions

Despite slight losses of accuracy with fix interval, the tested devices were still highly accurate.

Combining all fix intervals during the stationary test, 95% of the positions were within 11 and

18 m horizontal and vertical error, respectively. Montgomery et al. [31] found that in small-

scale ecological studies (<5 ha size patch), using a 10 m resolution categorical raster, a mean

GPS accuracy of<5 m was needed to obtain 90% accurate inferences. An accuracy of<5m

could be obtained with the tested devices tested if the fix interval was set between 1 and 20 min

intervals. Using such high frequency fix intervals can thus help identify species’ fine-scale

movement patterns and habitat requirements, critical for designing suitable conservation

actions in local scales, though it can also compromise the device’s battery life and the duration

of the study [53].

Despite the high accuracy of the devices, there was a small number of locations with errors

above 250 m, both horizontally and vertically. These highly inaccurate positions can lead to a

decrease in performance of habitat selection models [32]. For studies requiring very highly

accurate GPS locations, such as studies in fragmented landscapes (e.g. urban areas, [23]), or
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studies of collision with human infrastructures (e.g. wind-farms [37, 38]), it is important to be

able to identify and eliminate outlier positions to increase GPS accuracy.

The most commonly used metrics to filter large error in GPS positions are the number of

satellites [5, 13, 21] and DOP [13, 14, 18, 19, 22, 23]. However, these can result in the elimina-

tion of a large proportion of the dataset, including accurate positions, while not eliminating all

inaccurate positions [13, 16, 21, 54]. Estimating the true altitude error and relate it to the hori-

zontal error, produces acceptable results in eliminating poor quality fixes in comparison with

single metric models [55]. This method however is only suitable for broad-scale habitat analy-

sis, and since it relies on knowing the exact altitude of the animal, it is not appropriate for

arboreal or flying species.

The devices tested in this study provide a GPS-Error estimate that proved to be effective at

identifying low accuracy positions in short fix intervals (1 min), but it was not possible to repli-

cate the results with longer fix intervals. Moreover, since the performance of the device is

related to the habitat, by excluding locations with large positional errors there can be a bias in

excluding data related to a single habitat [13, 21, 29, 30, 33, 55]. Using species-specific GPS

metadata, such as unrealistic speed, turning angles or distances travelled between consecutive

fixes is effective in eliminating large positional errors [54]. However, this method is dependent

on the mobility of the species, as well as the fix interval [55]. Other modelling techniques, such

as using sensors (accelerometers and magnetometers) and GPS drift-corrected dead reckon-

ing, have successfully increased the accuracy of animal movement estimates in low intensity

Fig 5. Position of the tracking devices on the back of pre-fledging white storks.

https://doi.org/10.1371/journal.pone.0265541.g005
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GPS schedules [56]. This is particularly important in non-solar tags in which, in order to maxi-

mize the lifespan of the battery, longer fix intervals are used.
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Recent and forthcoming innovations for tracking migratory birds. Bioscience. 2011; 61(9):689–98.

4. Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, et al. A movement ecology paradigm

for unifying organismal movement research. Proc Natl Acad Sci. 2008 Dec 9; 105(49):19052–9. https://

doi.org/10.1073/pnas.0800375105 PMID: 19060196

5. D’Eon RG, Serrouya R, Smith G, Kochanny CO. GPS radiotelemetry error and bias in mountainous ter-

rain. Wildl Soc Bull. 2002; 30(2):430–9.

6. Cain JW III, Krausman PR, Jansen BD, Morgart JR. Influence of topography and GPS fix interval on

GPS collar performance. Wildl Soc Bull. 2005; 33(3):926–34.

7. Cargnelutti B, Coulon A, Hewinson AJM, Goulard M, Angibault J-M, Morellet N. Testing Global Position-

ing System performance for wildlife monitoring using mobile collars and known reference points. J Wildl

Manage. 2007; 71(4):1380–7.

8. Belant JL. Effects of antenna orientation and vegetation on Global Positioning System telemetry collar

performance. Northeast Nat. 2009; 16(4):577–84.

9. Augustine BC, Crowley PH, Cox JJ. A mechanistic model of GPS collar location data: Implications for

analysis and bias mitigation. Ecol Modell. 2011; 222(19):3616–25.

10. Forin-Wiart M-A, Hubert P, Sirguey P, Poulle M-L. Performance and accuracy of lightweight and low-

cost GPS data loggers according to antenna positions, fix intervals, habitats and animal movements.

PLoS One. 2015; 10(6):e0129271. https://doi.org/10.1371/journal.pone.0129271 PMID: 26086958

PLOS ONE Performance of GPS/GPRS tracking devices

PLOS ONE | https://doi.org/10.1371/journal.pone.0265541 March 30, 2022 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265541.s001
https://doi.org/10.1098/rstb.2010.0090
https://doi.org/10.1098/rstb.2010.0090
http://www.ncbi.nlm.nih.gov/pubmed/20566494
https://doi.org/10.1073/pnas.0800375105
https://doi.org/10.1073/pnas.0800375105
http://www.ncbi.nlm.nih.gov/pubmed/19060196
https://doi.org/10.1371/journal.pone.0129271
http://www.ncbi.nlm.nih.gov/pubmed/26086958
https://doi.org/10.1371/journal.pone.0265541


11. DeCesare NJ, Squires JR, Kolbe JA. Effect of forest canopy on GPS-based movement data. Wildl Soc

Bull. 2005; 33(3):935–41.

12. Sager-Fradkin KA, Jenkins KJ, Hoffman RA, Happe PJ, Beecham JJ, Wright RG. Fix success and

accuracy of Global Positioning System collars in old-growth temperate coniferous forests. J Wildl Man-

age. 2007; 71(4):1298–308.

13. Lewis JS, Rachlow JL, Garton EO, Vierling LA. Effects of habitat on GPS collar performance: Using

data screening to reduce location error. J Appl Ecol. 2007; 44(3):663–71.

14. Jiang Z, Sugita M, Kitahara M, Takatsuki S, Goto T, Yoshida Y. Effects of habitat feature, antenna posi-

tion, movement, and fix interval on GPS radio collar performance in Mount Fuji, central Japan. Ecol

Res. 2008; 23(3):581–8.

15. Hansen MC, Riggs RA. Accuracy, Precision, and Observation Rates of Global Positioning System

Telemetry Collars. J Wildl Manage. 2008; 72(2):518–26.

16. Recio MR, Mathieu R, Denys P, Sirguey P, Seddon PJ. Lightweight GPS-tags, one giant leap for wildlife

tracking? An assessment approach. PLoS One. 2011; 6(12):e28225. https://doi.org/10.1371/journal.

pone.0028225 PMID: 22163286

17. Byrne ME, Holland AE, Bryan AL, Beasley JC. Environmental conditions and animal behavior influence

performance of solar-powered GPS-GSM transmitters. Condor. 2017; 119(3):389–404.

18. Fischer M, Parkins K, Maizels K, Sutherland DR, Allan BM, Coulson G, et al. Biotelemetry marches on:

A cost-effective GPS device for monitoring terrestrial wildlife. PLoS One. 2018; 13(7):e0199617. https://

doi.org/10.1371/journal.pone.0199617 PMID: 30063710

19. Dussault C, Courtois R, Ouellet J-P, Huot J. Influence of satellite geometry and differential correction on

GPS location accuracy. Society. 2011; 29(1):171–9.

20. Moen R, Pastor J, Cohen Y. Accuracy of GPS Telemetry collar locations with differential correction. J

Wildl Manage. 1997; 61(2):530–9.

21. Ironside KE, Mattson DJ, Arundel TR, Hansen JR. Is GPS telemetry location error screening beneficial?

Wildlife Biol. 2017; 2017(4):1–7.

22. D’Eon RG, Delparte D. Effects of radio-collar position and orientation on GPS radio-collar performance,

and the implications of PDOP in data screening. J Appl Ecol. 2005; 42(2):383–8.

23. Adams AL, Dickinson KJM, Robertson BC, van Heezik Y. An evaluation of the accuracy and perfor-

mance of lightweight GPS collars in a suburban environment. PLoS One. 2013; 8(7):e68496. https://

doi.org/10.1371/journal.pone.0068496 PMID: 23874645

24. Bouten W, Baaij EW, Shamoun-Baranes J, Camphuysen KCJ. A flexible GPS tracking system for

studying bird behaviour at multiple scales. J Ornithol. 2013; 154(2):571–80.

25. D’Eon RG. Effects of a stationary GPS fix-rate bias on habitat-selection analyses. J Wildl Manage.

2003; 67(4):858–63.

26. Graves TA, Waller JS. Understanding the causes of missed Global Positioning System telemetry fixes.

J Wildl Manage. 2006; 70(3):844–51.

27. Mattisson J, Andrén H, Persson J, Segerström P. Effects of species behavior on Global Positioning

System collar fix rates. J Wildl Manage. 2010; 74(3):557–63.

28. Quaglietta L, Martins BH, de Jongh A, Mira A, Boitani L. A low-cost GPS GSM/GPRS telemetry system:

Performance in stationary field tests and preliminary data on wild otters (Lutra lutra). PLoS One. 2012; 7

(1):e29235. https://doi.org/10.1371/journal.pone.0029235 PMID: 22242163

29. Frair JL, Fieberg J, Hebblewhite M, Cagnacci F, DeCesare NJ, Pedrotti L. Resolving issues of impre-

cise and habitat-biased locations in ecological analyses using GPS telemetry data. Philos Trans R

Soc B Biol Sci. 2010; 365(1550):2187–200. https://doi.org/10.1098/rstb.2010.0084 PMID:

20566496

30. Frair JL, Nielsen SE, Merrill EH, Lele SR, Boyce MS, Munro RHM, et al. Removing GPS collar bias in

habitat selection studies. J Appl Ecol. 2004; 41:201–12.

31. Montgomery RA, Roloff GJ, Hoef JMV. Implications of ignoring telemetry error on inference in wildlife

resource use models. J Wildl Manage. 2011; 75(3):702–8.

32. Morehouse AT, Boyce MS. Deviance from truth: Telemetry location errors erode both precision and

accuracy of habitat-selection models. Wildl Soc Bull. 2013; 37(3):596–602.

33. Webb SL, Dzialak MR, Mudd JP, Winstead JB. Developing spatially-explicit weighting factors to

account for bias associated with missed GPS fixes in resource selection studies. Wildlife Biol. 2013; 19

(3):257–73.

34. Santos CD, Silva JP, Muñoz AR, Onrubia A, Wikelski M. The gateway to Africa: What determines sea

crossing performance of a migratory soaring bird at the Strait of Gibraltar? J Anim Ecol. 2020; 89

(6):1317–28. https://doi.org/10.1111/1365-2656.13201 PMID: 32144757

PLOS ONE Performance of GPS/GPRS tracking devices

PLOS ONE | https://doi.org/10.1371/journal.pone.0265541 March 30, 2022 12 / 13

https://doi.org/10.1371/journal.pone.0028225
https://doi.org/10.1371/journal.pone.0028225
http://www.ncbi.nlm.nih.gov/pubmed/22163286
https://doi.org/10.1371/journal.pone.0199617
https://doi.org/10.1371/journal.pone.0199617
http://www.ncbi.nlm.nih.gov/pubmed/30063710
https://doi.org/10.1371/journal.pone.0068496
https://doi.org/10.1371/journal.pone.0068496
http://www.ncbi.nlm.nih.gov/pubmed/23874645
https://doi.org/10.1371/journal.pone.0029235
http://www.ncbi.nlm.nih.gov/pubmed/22242163
https://doi.org/10.1098/rstb.2010.0084
http://www.ncbi.nlm.nih.gov/pubmed/20566496
https://doi.org/10.1111/1365-2656.13201
http://www.ncbi.nlm.nih.gov/pubmed/32144757
https://doi.org/10.1371/journal.pone.0265541


35. Poessel SA, Duerr AE, Hall JC, Braham MA, Katzner TE. Improving estimation of flight altitude in wild-

life telemetry studies. J Appl Ecol. 2018; 55(4):2064–70.

36. Sheppard JK, McGann A, Lanzone M, Swaisgood RR. An autonomous GPS geofence alert system to

curtail avian fatalities at wind farms. Anim Biotelemetry. 2015; 3(43):1–8.

37. Khosravifard S, Skidmore AK, Naimi B, Venus V, Muñoz AR, Toxopeus AG. Identifying birds’ collision

risk with wind turbines using a multidimensional utilization distribution method. Wildl Soc Bull. 2020; 44

(1):191–9.

38. Schaub T, Klaassen RHG, Bouten W, Schlaich AE, Koks BJ. Collision risk of Montagu’s Harriers Circus

pygargus with wind turbines derived from high-resolution GPS tracking. Ibis (Lond 1859). 2020 Apr 7;

162(2):520–34.

39. Tracey JA, Sheppard J, Zhu J, Wei F, Swaisgood RR, Fisher RN. Movement-based estimation and

visualization of space use in 3D for wildlife ecology and conservation. PLoS One. 2014; 9(7):e101205.

https://doi.org/10.1371/journal.pone.0101205 PMID: 24988114

40. Gilbert NI, Correia RA, Silva JP, Pacheco C, Catry I, Atkinson PW, et al. Are white storks addicted to

junk food? Impacts of landfill use on the movement and behaviour of resident white storks (Ciconia cico-

nia) from a partially migratory population. Mov Ecol. 2016; 4(7):1–13.

41. Soriano-Redondo A, Acácio M, Franco AMA, Herlander Martins B, Moreira F, Rogerson K, et al. Testing

alternative methods for estimation of bird migration phenology from GPS tracking data. Ibis (Lond

1859). 2020; 162(2):581–8.

42. Soriano-Redondo A, Franco AMA, Acácio M, Martins BH, Moreira F, Catry I. Flying the extra mile pays-

off: Foraging on anthropogenic waste as a time and energy-saving strategy in a generalist bird. Sci

Total Environ. 2021; 782:146843.

43. Ramos RF, Silva JP, Carrapato C, Rocha P, Marques PAM, Palmeirim JM. Spatial behaviour of Span-

ish Imperial Eagle Aquila adalberti juveniles during the dependence period revealed by high-resolution

GPS tracking data. J Ornithol. 2019; 160(2):463–72.

44. Quectel Wireless Solutions Co. Ltd. Quectel [Internet]. [cited 2019 Feb 1]. https://www.quectel.com/

45. Wikelski M, Davidson SC, Kays R. Movebank: Archive, analysis and sharing of animal movement data.

[Internet]. 2020. www.movebank.org
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