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Abstract Tracking devices and bio-loggers provide cru-
cial information on the ecology and behaviour of birds in
their natural environment. An optimal tracking system
should be lightweight, measure three-dimensional loca-
tions, enable flexible measurement schemes, transmit data
remotely and measure environmental variables and bio-
logical parameters of the individual. Giving full consider-
ation to the traits of birds and the constraints of technology,
we have developed a GPS tracking system that attempts to
achieve most of the aspirations of an optimal tracking
system for free ranging birds without the need to recapture
them. Here, we describe the design, performance and
limitations of the system. We also present measurements
on the tracked Lesser Black-backed Gull Larus fuscus to
show how such a system can generate new opportunities
for research at multiple scales. The GPS tracker weighs
12 g and includes a GPS receiver, micro-processor, 4 MB
of memory for data storage, solar panel and battery. It has a
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tri-axial accelerometer to monitor behaviour. To maximize
flexibility, it is equipped with a radio transceiver for bi-
directional communication with a ground-based antenna
network, which enables data to be downloaded and new
measurement schemes to be uploaded remotely. The sys-
tem facilitates a multi-scale approach to studying bird
movement, from fine-scale movements (3-s measurement
intervals) to long-distance migratory movements (intervals
of 20-30 min) of the same individual. We anticipate that
flexible tracking systems that enable researchers to opti-
mize their measurement protocols will contribute to revo-
lutionizing research on animal behaviour and ecology in
the next decade.

Keywords Accelerometer - Animal movement -
Bio-logger - Migration - Flight strategy - Foraging

Zusammenfassung

Ein tragbares GPS-Tracking-Gerit mit groBer Mess-
Bandbreite zur Untersuchung von Vogel-Verhalten

Tracking-Gerite und Apparate zur Aufzeichnung biologi-
scher Daten liefern wichtige Informationen zu Okologie
und Verhalten von Vogeln in ihrer natiirlichen Umgebung.
Ein optimales Tracking-Geridt miisste sehr leicht sein,
dreidimensionale Ortsangaben liefern, flexible Mess-Pro-
gramme zulassen, Daten drahtlos iibertragen sowie Um-
weltwerte und biologische Parameter individueller Tiere
erfassen. Unter Beriicksichtigung der Eigenheiten von
Vogeln einerseits und der Einschrinkungen technischer
Apparaturen andererseits, haben wir ein GPS-Tracking-
Gerit entwickelt und dabei versucht, moglichst viele der
Anforderungen an ein optimales Gerit fiir freilebende
Vogel zu realisieren, ohne die Tiere einfangen zu miissen.
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Wir beschreiben hier das Design, die Leistung und auch die
Grenzen dieses Tracking-Gerits. Ferner préasentieren wir
damit durchgefiihrte Messungen bei fern-verfolgten He-
ringsmoéwen (Larus fuscus), um zu zeigen, wie solch ein
Gerit neue Moglichkeiten fiir derartige Untersuchungen
mit grofer Mess-Bandbreite erdffnen kann. Das Gerit
wiegt 12 Gramm und beinhaltet einen GPS-Empfinger,
einen Mikroprozessor, 4 MB Speicherplatz fiir Daten,
eine Solarzelle und eine Batterie; ferner hat es einen
drei-achsialen Beschleunigungsmesser zur Registrierung
relevanter Verhaltensweisen. Um ein Hochstmall an
Flexibilitit zu erzielen, ist es mit einem Sender/Empféanger
fiir Zwei-Wege-Kommunikation ausgestattet, um tiber eine
bodengestiitzten Antennenanlage das drahtlose Her-
unterladen von Messdaten und Heraufladen von neuen
Mess-Programmen zu ermoglichen. Ferner realisiert das
Gerit die Erfassung von Ortsveridnderungen bei Vogeln in
verschiedenen Messbereichen: von einem hoch auflosen-
den Bereich (Messintervalle von 3 Sekunden) bis zur Er-
fassung von Langstrecken-Bewegungen im Bereich von
20-30 Minuten beim selben Individuum. Wir denken, dass
tragbare Tracking-Geridte Wissenschaftler helfen werden,
ihre Messverfahren zu optimieren, was in den nichsten
zehn Jahren zu ganz neuen Forschungsansitzen in Ver-
haltensforschung und Okologie fiihren wird.

Introduction

The use of bio-loggers and tracking devices is allowing
scientists to unveil the secrets of time use, movement,
behaviour and ecology of free-living animals in ever more
detail. Due to technological innovations the size and mass
of animal-attached devices are decreasing, and the use of
animal-attached devices to measure geographical position,
body movements, physiological parameters and environ-
mental variables is increasing. The numerous comprehen-
sive reviews that have recently been published (Cooke
et al. 2004; Ropert-Coudert and Wilson 2005; Wikelski
et al. 2007; Rutz and Hays 2009; Cagnacci et al. 2010;
Robinson et al. 2010; Tomkiewicz et al. 2010; Bridge et al.
2011; Guilford et al. 2011; Sokolov 2011) show that the
development of tracking and bio-logging devices is a fast-
moving field, catalysed by the drive of biologists to learn
more about their study systems as well as by the on-going
technological advances in wireless communication and
personal navigation systems.

The trend towards miniaturization of electronics con-
tinuously generates new opportunities for developing
trackers. Imagine an optimal tracking device if there were
no technical constraints. The device carried by the bird
should affect its behaviour as little as possible; this means
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that it would be light (<3 % of body mass) and small with
an optimized aerodynamic or hydrodynamic shape (Casper
2009). Once a bird is tagged, it would not be necessary to
recapture the bird to recharge the battery, download the
data or change a measurement scheme. The device would
fall off when it is not functioning properly or when the
research has come to an end. The device would work
reliably for several years and produce accurate measure-
ments throughout the research period. It would measure the
geographical location and altitude, speed and direction, and
include sensors to monitor behaviour, physiological char-
acteristics such as heart rate and environmental conditions
such as temperature or pressure, all at high resolution in
time and space. Reliable data transmission while the bird is
at any place in the world would facilitate real-time moni-
toring. Our imagined optimal tracking device would be
easy to use and would cost almost nothing. To facilitate the
efficient use of data, the device would be embedded in a
dedicated system for data management and analysis.

The main challenge of our research was to design and
create a GPS tracking system for free ranging birds that is as
close as possible to the pareto optimum of most of the
above-mentioned criteria. In this paper we share the choices
we made in the design and our experience with the system.
We present several tests which we used to determine the
performance of the system and to identify the main limita-
tions. We focus especially on the interaction and dynamics
of power use by the GPS receiver and solar charging of the
batteries. To show how a flexible tracking system generates
new opportunities for multi-scale research, we also report
several examples from ongoing tracking research.

Methods
System design

We developed our system with a broad range of research
questions and study systems in mind. Most of these research
questions relate to the flight strategies and spatial patterns of
behaviour of free-ranging birds during breeding, while on
migration and while at stopover or wintering areas. Our
design was influenced by three main requirements. The first
requirement was to avoid the need to recapture a bird. We
therefore chose to develop a solar-powered device with
bi-directional remote data transmission for downloading the
data and uploading new measurement schemes. The second
requirement was to measure accurate three-dimensional
(3D) positions and behaviour at high temporal resolution
and throughout the annual cycle of an individual. We
therefore chose to include a 3D GPS receiver for accurate
positions, a tri-axial accelerometer to monitor behaviour,
and software providing great flexibility for measurement
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schemes that can be changed while the birds are in the air.
The third requirement was to limit the weight to a maximum
of 12 g, a weight that a medium-sized bird (body weight
300-400 g) would be able to carry. This weight restriction
mainly limits the number and type of electrical components
that we could use, the physical design, the number and size
of solar cells and the weight of the battery. As these three
main requirements and their solutions are integrated in the
design, we structure our description of the bird tracking
system according to the three main design components:
(1) GPS-tracker, (2) data storage and transmission and
(3) data management and services.

GPS-tracker

To minimize weight, we equipped the tracker with a GPS
receiver with a fractal antenna, although the performance
of the fractal antenna is generally inferior to that of a
heavier ceramic patch antenna. For measurement intervals
below 15 s, the GPS receiver is continuously powered; for
longer intervals, the GPS receiver is switched on until the
position has been fixed. A 3D fix (geographic position and
altitude) is acquired if more than three satellites are found
by the GPS, and otherwise a 2D fix is stored. The power is
supplied by four triple-junction solar cells (27 % effi-
ciency) with a total surface of 9.1 cmz, a loading circuit
and a 65 mAh lithium polymer battery. The solar yield,
which depends on the size and efficiency of the solar cells,
determines the available power in the long run and should
enable tracking throughout a bird’s annual cycle. The
battery capacity determines the size of the buffer required
to overcome nights and other periods with little or no solar
radiation or periods with high-resolution measurements
when more power is used. A 20-Hz tri-axial accelerometer
is included in the tracker to monitor body movements, as
are temperature and barometric pressure sensors to monitor
environmental conditions. The tracker has been designed
with the option to include more sensors in the future. The
GPS tracker weighs 10 g plus an additional 2 g of epoxy
coating, and its size is approximately 62 x 30 x 12 mm
(Fig. 1). More epoxy, more solar cells and a larger battery
can be used if the size and weight do not constitute
restrictive factors (e.g. if the GPS tracker weighs far less
than 3 % of the bird’s mass).

Measurement intervals can be set for different times of
the day (e.g. day and night), different geographical areas
(e.g. inside or outside a breeding colony), status of memory
(e.g. accelerometer is switched-off if the memory is filled
to a certain threshold) or battery voltage (e.g. shorter
measurement intervals if the battery is fully charged).
Thus, the measurement scheme can be dynamically
tailored to the specific research questions, the behaviour
of the bird species, environmental conditions or tag

Fig. 1 The tracker with the antenna for wireless communication
sticking out at the right-hand side

performance, all of which may change during the course of
the season or study.

Data storage and transmission

Data are stored on the tracker in 4-MB flash memory
implemented as a ring buffer. Almost 60,000 GPS records
can be stored on the flash memory, including a timestamp,
GPS positions and basic information on the battery status.
However, if speeds (x, y and z) and 3 s of 20 Hz acceler-
ometer data are included with every GPS measurement,
storage capacity will be filled by about 4,000 GPS entries
along with the corresponding accelerometer data. The GPS
tracker has a ZigBee transceiver with a 3-cm (1/4 lambda)
whip antenna for transmitting the measured data to the base
station and for receiving new measurement settings.
A ZigBee is a short-range wireless transceiver that, com-
pared to the better known Bluetooth, can handle more
sensors, consumes far less power and has a longer transfer
range, but at the cost of a lower data transfer rate. If
required, the spatial range of communication can be
extended with a network of antennas.

Data management and services

Given the large volume of data gathered, the success of a
tracking system is also largely dependent on data man-
agement and processing facilities. We therefore developed
a Virtual Lab, a cyber-infrastructure based on the research
community’s needs for optimal information frameworks
in tracking studies (Urbano et al. 2010). The Virtual Lab
fulfils requirements concerning data scalability, persistent
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storage, data acquisition, retrieval and management, inte-
gration of different data sources, data visualization and
exploration, data sharing and dissemination, easy imple-
mentation of new tools and algorithms, multi-user support
and cost-effectiveness. It also facilitates communication to
the base station via (mobile) the Internet, to transfer data
through Dropbox (www.dropbox.com) or alter measure-
ment schemes at any time and from any location in the
world by use of LogMeln (www.logmein.com). The data
are automatically post-processed and persistently stored in
a central PostgreSQL spatial database with a web appli-
cation (phpPgAdmin) to query the data. Summary statistics
of the data and tracks that can be visualized in Google
Earth are automatically generated. All of this functionality
is available through the Virtual Lab portal (www.UvVA-
BiTS.nl/virtual-lab).

Test programme

The potential applications and limitations of a tracking
system are determined largely by its measurement perfor-
mance and the maximum distance for downloading data or
uploading new measurement settings. The performance of
our GPS tracking system was therefore tested as described
below.

GPS tracker performance

In general, the accuracy of a GPS increases with longer
power-up time, shorter intervals between measurements
(Mills et al. 2006) and a more open view of the sky
(Cargnelutti et al. 2007). As it is almost impossible to
obtain reproducible measurements with trackers on birds
living in the wild, we tested stationary trackers in open and
flat landscape without any physical obstructions to assess
accuracies (geographic location, altitude and speed) and
the time needed to assess the position (time-to-fix) at
measurement intervals of 6, 60 and 600 s. The tests were
carried out in the same time period of 5 h with four (6-s
interval), eight (60-s interval), and 40 (600-s interval) GPS
trackers (1200 measurements for each set). To show the
potential impact of habitat properties on tag performance,
we compared these measurements with measurements of
two contrasting scenarios: (1) measurements at 6-s inter-
vals of a White Stork Ciconia ciconia sitting all night on its
nest on a pole in open landscape and (2) measurements at
600-s intervals of a pair of breeding Honey Buzzards
Pernis apivorus on a nest with a known location inside a
mixed forest.

With free ranging birds, it is impossible to systemati-
cally test all combinations of factors that influence the
solar yield and power use and thus the number of mea-
surements that can be made per day. Instead, we selected
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characteristic examples of measurement schemes from
studies with different birds species to discuss what is or is
not feasible in terms of measurement frequency.

Data transmission

The strength of the data transmission link between the GPS
tracker and base station depends on the field situation.
Generally, the best link between tracker and antenna is
obtained with a clear line of sight, in an open field, with the
transmitter high in the air and the receiving antenna like-
wise at high elevation. If either or both are close to the
ground, a poor link can result from Fresnel effects (Saun-
ders and Zavala 2007). We tested (1) the maximum data
transmission distance between a GPS tracker in a hot air
balloon and a ground-based antenna 8 m above ground
level (AGL), (2) the data transmission distance between
GPS trackers on birds and the antenna in field experiments
and (3) the transmission distance between antennas in two
towers at 50 m AGL.

Monitoring bird movement and behaviour

To illustrate new opportunities created for ecological and
behavioural research at different scales, we present and
discuss examples from a Lesser Black-backed Gull Larus
fuscus study. The (offshore) foraging behaviour of the
Lesser Black-backed Gull is notoriously difficult to study
(Camphuysen et al. 2012). We show the details of a for-
aging trip in the breeding season using accelerometer and
speed data to classify behaviour (Shepard et al. 2008;
Shamoun-Baranes et al. 2012). We also present GPS data
measured during migration and in the winter season.

Results
GPS tracker performance

The test of the stationary GPS tracker in open landscape
and clear sky with a 6-s measurement interval shows a
positional mean error of only 1.13 m, with 0.05 and 0.95
quantiles of the measured cumulative error distribution of
0.2 and 2.33 m, respectively (Table 1). The mean altitude
error and 0.05 and 0.95 quantiles are somewhat higher, and
instantaneous speeds in 3D and in the horizontal plane (2D)
deviate slightly from the true speed of 0.00 m/s. At the 6-s
interval, the GPS receiver uses almost all of the available
time in between fixes to determine its position before
starting the next measurement (mean 5.29 s) and uses up
to nine satellites. All fixes are 3D fixes. The errors of
position, altitude and speed clearly increase with an
increased measurement interval (Table 1). With an
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Table 1 Characteristic performance of GPS trackers for different situations

Number of satellites Fix success (%)b

2D Speed (m/s) Time-to-fix (s)

Position error (m) Altitude error (m) 3D Speed (m/s)

GPS tracker scenario®

2D No fix

0.95 M 005 095 M 005 095 M 005 095 M 005 095 3D

0.05

0.95

0.05

0
0
0
0

100 0

9
8
7
9

8.47
6.18
5.55
7.56

59
16.3

5.0
6.8

5.29
8.54
15.7

03

0 0.
009 0

0.07 0.01

375 002 0
9.76  0.18
102.0

142  0.25
3.99 023
26.27

2.33
7.48

0.2
108.1

1.13

3.23
29.95

Stationary 6 s

100 0

0.24
2.39
0.05

0.02 045

0.63
9.26
0.34
14.65

Stationary 60 s

100 0

4

70 474

32

0.01
0

142 002 5.19 0.58
0.10 0.01
538 082 0

002 0

2.13

Stationary 600 s

100 0O

34

3.37

7.61
4524 090 0.01

277 0.38
20.79 0.76

14

7.
226.3

245
67.43

White Stork 6 s

84

3

177 999 491

522 49.84

Honey Buzzard 600 s

Data are presented as mean values (M) of 1,200 fixes and as the 0.05 and 0.95 quantiles of the cumulative frequency distributions

# Stationary GPS trackers at measurement intervals of 6, 60, and 600 s, a GPS tracker at a 6-s interval on a White Stork on its nest and GPS trackers at 600-s interval on two Honey Buzzards on

their nest

® Fix success’ refers to whether both location and altitude were obtained (3D fix), location only (2D fix) or no location (No fix) and is expressed as the percentage of the total number of fixes

increased measurement interval, the receiver is turned off
between two sequential measurements (at intervals >15 s);
consequently, the time to fix also increases and the number
of satellites decreases. In all cases, fixes are always 3D
fixes. The errors of position, altitude and speed of the GPS
measurements of the White Stork while on its nest are
similar to or only slightly larger than the stationary mea-
surements. When comparing the Honey Buzzard mea-
surements with the unobstructed measurements at 600-s
intervals, the effects of the canopy are demonstrated as a
larger position error and a longer time-to-fix, with fewer
satellites in view and lower fix success. On occasion, the
fix could not be made in the maximum time of 100 s (7 %
of the trials) or only three satellites were found within the
available time and thus only 2D positions could be deter-
mined (9 % of the trials). Summarizing these experiments,
we conclude that the tracker with fractal antenna performs
as well as other GPS devices with larger and heavier
antennas (Sager-Fradkin et al. 2007), even under a forest
canopy.

Table 2 shows that on a sunny day in the summer (daily
cumulative solar radiation 2,500 J/cmz) almost 7,000
measurements were obtained on a White Stork without
depleting the battery (18-g tracker with 240 mAh battery).
However, for prolonged monitoring without gaps in the
data, with no alteration of settings, 192 measurements per
day were feasible in July for the Lesser Black-backed Gull
and 106 per day for the Honey Buzzard, as power con-
sumption is higher and solar yield lower in forests than
open landscapes (Table 1). During the winter, the number
of measurements per day was very limited (approximately
15 per day) on the Oystercatcher Haematopus ostralegus in
The Netherlands, as mean daily solar radiation in Decem-
ber is ninefold lower than in July (KNMI 2011). The
numbers that are presented in Table 2 provide an impres-
sion of the restrictions in measurement schemes due to
limited solar radiation over the year. The possibility of
altering the settings according to expected solar radiation is
thus of crucial importance for optimizing measurement
schemes in year-round studies of free-ranging animals and
multi-scale research.

Data transmission

The maximum data transmission distance, obtained with a
clear line of sight, was 8.5 km between a GPS tracker
under the hot air balloon at an altitude of 190 m and the
ground-based antenna at 8 m AGL. However, with
Opystercatchers walking on a salty mud flat and the antenna
at about 8 m AGL a link was sometimes problematic, even
at a distance of only 1 km, due to Fresnel and waveguide
effects, which attenuate the signal, being stronger on salty
mud flats than on dry sandy soils. Inside a coniferous
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Table 2 Examples of maximum number of measurements per day for four bird species under various conditions of solar radiation

Species GPS intervals Daytime interval Measurements Solar radiation
(day/night, s)* (GMT)® (n/day)* (J/em?/day)*

White Stork 3/3,600 1100-1600 hours 6,958 2,500°

Lesser Black-backed Gull 450 0000-2400 hours 192 1,700

Honey Buzzard 600/7200 0430-2130 hours 106 1,700

Oystercatcher 3,600/14,400 0600-2400 hours 15 1902

* GPS measurement intervals (s) during the day and at night (day/night)

" Time range (GMT) for daytime intervals

¢ Mean number of measurements per day

9 Characteristic solar radiation when the measurements were taken. Data provided by the Royal Netherlands Meteorological Institute (KNMI

2011)

¢ Typical solar radiation on a day with a clear sky in June
f Mean in July

€ Mean in December

forest, the link between tracker and antenna was only
300 m, as the transmission signal was attenuated by such
obstacles as bushes and trees. For a study on foraging
behaviour of the Honey Buzzard we needed six antennas in
tree tops to create a network covering the study area of
about 50 km?. In the test with two directional antennas at
50 m AGL in power line towers in a flat polder landscape
with sparsely distributed trees, we established a link of
40 km. These data reveal that the optimal antenna config-
uration of the network depends on the landscape, the home
range and activity of the species being studied and on the
need for contact if a frequent change in the measurement
scheme or frequent data download is desired.

Monitoring bird movement and behaviour

Here we highlight movements and behaviour that have
been measured as an example to show how a flexible bird
tracking system can advance behavioural and ecological
studies.

Figure 2 shows a 260-km foraging trip (900 GPS mea-
surements) of a Lesser Black-backed Gull on a sunny day.
A breeding female (ring FAKV, Id 355) left the colony on
the island Texel at 0100 hours, paused to float in the
Wadden Sea for 1 h (Shamoun-Baranes et al. 2011), then
used flapping flight to the mainland and foraged for several
hours in agricultural fields and in the village of Hoorn,
following which the bird flew towards Amsterdam using
flapping flight. These different behaviours can be easily
identified from the patterns of tri-axial acceleration (inset
in Fig. 2). From 0700 hours UTC onward, the earth surface
apparently produced warm rising air and the bird changed
its flight strategy from flapping to soaring flight. Once it
reached Amsterdam, it spent 25 min in one of the canals
and then headed to north again while alternating soaring
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(up to maximum altitudes of 980 m AGL) and gliding until
it reached the coast. Above the North Sea it continued the
trip with flapping flight, interspersed with short bouts of
soaring and floating on the water. At 1430 hours it started
flying back to the colony where it arrived at 1645 hours.
Many more details can be seen by interactively using a
kmz-file that is provided in the Electronic Supplementary
Material (ESM). The information collected on a trip such
as this can, for example, be used to estimate flight costs
(from a combination of distance travelled, flight behaviour
and weather conditions) and to pinpoint particular foraging
areas.

Lesser Black-backed Gulls are migratory birds, winter-
ing mainly in France, on the Iberian Peninsula or in NW
Africa. While both the migration routes and the final des-
tinations have been documented with ringing studies and
satellite transmitters (Klaassen et al. 2012), the details of
flight strategies and time-budgets of migrants are still lar-
gely unknown.

Figure 3a shows the migration routes and movements
during the wintering season of a male Lesser Black-backed
Gull (ring MAMM, 1d317) over 2 sequential years. The
GPS tracker revealed the timing of departure (25 July 2010
and 28 July 2011, respectively), stop-over use in northern
France (30 July—10 October 2010 and 28 July—29 October
2011, respectively), routes across the Bay of Biscay and
around the Iberian Peninsula (Portuguese coast) on the way
south (Fig. 3a), a wintering period mainly in the south of
Spain (Fig. 3b), and frequenting of the rice fields north of
Donana National park, the Costa del Sol, and garbage
dumps (Fig. 3c). The return flights started 15 March 2011
and 04 March 2012, respectively, with a direct line through
Spain, across the Bay of Biscay to The Netherlands (arrival
30 March 2011 and 23 March 2012, respectively). The total
travelled distance, including autumn and spring migration
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Fig. 2 A foraging flight of a Lesser Black backed Gull (28 June
2010, 01:03:53-16:41:47). Each point represents a GPS location,
while the colours represent the behaviour (pink flapping flight, red
stand or walk, green soaring or gliding flight, yellow floating at sea,
gray no accelerometer data or not classified). For these behaviours,
the insets show characteristic patterns of the tri-axial accelerometer

and local movements at the wintering grounds, was
20,817 km, monitored with 12,385 GPS-points (22,331 km
with 12,216 GPS-points in the next year). The resolution of
the collected data is such that time budgets can be calcu-
lated. In the winter of 2010/2011 the bird visited three
different habitats, spending 43 % of the time in rice fields,
44 % in landfill areas and 7 % at the Costa del Sol. In the
next season, the wintering time budget indicated a more
frequent use of landfill sites (25 % rice fields, 55 % gar-
bage dump area, 13 % Costa del Sol). Multi-scale move-
ments are difficult to show in a static figure. Many more
details can be revealed with the Google Earth kmz-files that
are provided in the ESM.

Discussion

The examples from an ongoing Lesser Black-backed Gull
study show that unprecedented details of an individual’s
behaviour can be revealed throughout its annual routine,
during local foraging movements in the breeding season,
migration and foraging movements in over-wintering areas.
From high-resolution measurements combined with accel-
erometer data, as presented in Fig. 2, we were able to

Standing

‘Bccaleration [g-force)

& =
P A

acceleration [g-force]

&

with time shown on the x-axis and the acceleration, expressed in units
of g-force (1 g = 9.81 m/s>), shown on the y-axis, with heave shown
(filled circle) in green, surge (open circle) in red and sway (plus
symbol) in blue. A kmz-file for interactive exploration of the data is
provided in the ESM

determine flight strategies and calculate climb rates and
gliding angles during soaring flight. The integration of GPS
and accelerometer measurements with data on atmospheric
dynamics (Shamoun-Baranes et al. 2010; Mandel et al.
2011; Shepard et al. 2011) and detailed simulation models
(van Loon et al. 2011) creates new opportunities for
understanding how birds are influenced by and adapt their
behaviour to the dynamic ambient environment. Moreover,
the combination of GPS and accelerometer provides the
means to calculate and merge information on time budgets,
foraging strategies and efficiency, resource use and energy
expenditure (Ropert-Coudert and Wilson 2005; Gleiss et al.
2011; Shamoun-Baranes et al. 2012). In the long run this
will contribute to a better understanding of breeding suc-
cess, chick growth and population dynamics in general.
The development of a bird tracker is generally based on
a compromise balancing the weight of the device and the
amount and quality of the data generated. We expect that
geolocators, currently produced as light as 0.5 g (Egevang
et al. 2010), will always outcompete GPS-devices in terms
of weight. Although extremely useful for smaller birds,
their use is mainly limited to a rough estimate of migration
routes and timing because of the poor spatial accuracy and
low temporal resolution of these devices (Bridge et al.
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80'km

Fig. 3 a Migration and wintering movements of a Lesser Black-
backed Gull in 2010-2011 (yellow) and 2011-2012 (pink). Flight
speed classes range from <1 m/s (lightest colour) through to 1-3,
3-10 and >10 m/s (darkest colour). The wintering area in Spain
within the white dashed rectangle is enlarged in b. b The roosting and

2011). The GPS-tracker that is described in this paper has
an incomparably higher spatial accuracy and temporal
resolution, but it weighs 12 g and can therefore only be
deployed on medium-sized and larger birds.

Our choice for communication through a local antenna
network has large implications. GSM or satellite commu-
nication would have been easier for the user, but these
consume much more energy and would thus require larger
solar panels and batteries. Our solution means that more
effort is needed to set up the antenna or even a network of
antennas and that researchers must wait until a bird returns
to the area to retrieve data remotely. However, the bi-
directional communication has been shown to be a key
advantage of the system; it can easily download the large
amounts of data that come with high-resolution GPS
measurements and accelerometer, and it increases the
flexibility as the researcher can adjust the measurement
program to cater for specific research objectives, without
having to recapture the bird.

@ Springer

500 km

foraging sites are rice fields (green ellipse), garbage dumps and lakes
(red ellipse) and the Costa del Sol (yellow ellipse). The area within
the white dashed rectangle (b) is enlarged in c¢. ¢ The commuting
between foraging and roost sites. Kmz-files for interactive exploration
of the data are provided in the ESM

Concluding remarks

As technological constraints do not allow the development
of ‘the ultimate optimal system’ described earlier, we have
developed and tested a next-generation GPS tracking sys-
tem which at least reflects some of the most important
criteria and is suitable for a broad range of tracking studies.

The choice for a solar-powered device with flexible
measurement schemes that can be changed remotely has
dramatically increased the feasible number of measure-
ments. It enables studies of behaviour and movement at
different spatial and temporal scales throughout the entire
annual routine of a free ranging bird. The results presented
here should be considered as a snapshot within a trajectory
of continuous developments of tracking devices and bio-
loggers. Past trends in electronics, batteries and solar cells,
however, suggest that a 50 % reduction of weight and size
will be possible every few years for a GPS-tracker with
roughly the same functions. Four years after our first
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prototype tracker of 12 g, we are now testing a prototype
which only weighs 6 g.

In our GPS tracking system we have merged the
strengths of the GPS for tracking, the accelerometer for
monitoring behaviour and a virtual lab to work with the
data, while the next challenge will be to add tiny envi-
ronmental and physiological sensors. We produce these
systems for our partners in collaborative research. Several
recent papers have pointed at the exciting new opportuni-
ties that are created by technological innovations (Wikelski
et al. 2007; Robinson et al. 2010; Guilford et al. 2011).
Innovations in electronics will help answer our current
research questions and generate new ones, which in turn
will result in new system requirements and future devel-
opments. Over the next 10 years we expect these devel-
opments to further revolutionize research on animal
behaviour and ecology.
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