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Abstract
Background: During the past decades, avian studies have profited from the development of miniature electronic
devices that allow long-term and long-range monitoring. To ensure data quality and to inform understanding of
possible impacts, it is necessary to test the effects of tagging. We investigated the influence of GPS-transmitters on
the behaviour and physiology (levels of excreted corticosterone metabolites, CM) of an endangered bird species, the
Northern Bald Ibis (Geronticus eremita). We considered effects of GPS-tags in two contexts: (1) aviary (i.e. in captivity),
focussing on short-term effects of transmitters on locomotion, foraging and maintenance behaviour (20 individuals
that differed in sex and age observed for 10 days) and (2) field, focussing on intermediate-term effects of transmitters
on locomotion, foraging, maintenance behaviour, dorsal feather preening, social interactions and physiology (CM) (24
individuals observed for 79 days). In both contexts, focal animals were equipped with bio-logger backpacks mounted
with a harness.
Results: In the aviary, behavioural observations were limited to the first days after tagging: no differences were
found between individuals with GPS-tags and their controls with respect to the behavioural parameters considered.
In the field, no behavioural differences were found between the GPS-tagged individuals and their controls; however,
1 month after tagging, individuals with GPS-tags excreted significantly more CM than their controls before returning
to baseline levels.
Conclusions: Our results suggest that GPS-transmitters did not affect foraging, locomotion and maintenance
behaviour in the Northern Bald Ibis in the short- or intermediate-term. However, they did affect the hypothalamic–
pituitary–adrenal reactivity in the intermediate-term for 1 month before returning to baseline levels the next month.
As the Northern Bald Ibis is listed as endangered, evaluating possible adverse effects of bio-logging is also relevant for
potential conservation and reintroduction research.
Keywords: Short-term effects, Bio-tagging, Social behaviour, Birds, Excreted corticosterone metabolites, Body weight,
Maintenance behaviour, Intermediate-term effects
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Background
During the past decades, device miniaturisation
and advancements in battery life have greatly aided
researchers in overcoming challenges and constraints
for following free-roaming animals [1, 2]. Avian
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studies, in particular, have benefited from such advances
as researchers can now track migratory routes and gain
understanding about wintering areas and connectivity
in birds [3–6]. The predictive models generated by geographical datasets are of considerable importance not
only for conservation biologists, but also for other disciplines, for example, veterinary medicine [2]. Despite
these benefits, recent research has emphasised the need
to identify any possible effects of GPS-tagging before
making inferences about the biology of an animal [7–9].
Meta-analyses of the impacts of GPS-tags suggest that
attaching transmitters and similar devices adversely
affects behaviour in a range of bird species [1]. The most
substantial effects include increased maintenance behaviour (e.g. preening, fluffing and stretching), restlessness,
and energy expenditure as well as decreased likelihood
of nesting [1, 10, 11]. How potential adverse effects scale
with transmitter weight is still not well known ([1] and
references therein). It has been suggested that the effects
of transmitters weighing less than 5% of the body weight
of an animal would only have negligible effects [12].
However, other studies have suggested that it is advisable not to exceed 3% [13]—but see Tomotani et al. [14]
who conclude that using relative logger weight can be a
dangerous assumption in general. McMahon et al. [15]
assessed four main categories for describing the potential
effects of GPS-tags: (1) those originating from capturing
an animal, (2) the type of device, including shape, size
and colouration, (3) the method applied for mounting the
device, and (4) timing and duration of bio-logging.
The evaluation of the impacts of GPS-tags has animal
welfare implications, as some animals may experience a
stress response to the device [16]. Physiological parameters such as circulating and/or excreted glucocorticoid
levels are usually considered a good indicator of the
stress response [17–19]. Glucocorticoid levels increase
in response to stressful situations. This is an endocrine
mechanism that aids adaptive defensive response [16],
but severe chronic stress may have detrimental effects
(e.g. reduced reproductive success or impaired memory;
[20, 21]). Thus, additionally to behaviour, physiological measurements might be important in assessing the
impact of GPS-loggers on target species. Consideration
of such parameters can inform whether the deployment
of GPS transmitters is a source of stress for the animal
[17–19]. Because invasive physiological surveys may
themselves be stressful [22–27], measuring excreted
immune-reactive corticosterone metabolites (CM) provides a non-invasive alternative [28–30]. As steroids are
metabolised in the liver and excreted into the gut, glucocorticoid metabolite concentrations can be detected in
the faeces of mammals or the droppings of birds. Such
concentrations have been shown to be representative
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for the circulating levels [31–34]. Suedkamp Wells et al.
[28] showed that captive Dickcissels (Spiza americana)
equipped with bio-loggers in the post-breeding season
exhibited elevated CM concentrations in the first 24 h
after tagging. Yet excreted glucocorticoid levels returned
to baseline levels within 48 h after tagging, which was
interpreted as indicating no long-term effects of the
attached loggers. GPS-equipped black-legged kittiwakes
(Rissa tridactyla) also showed increased plasma corticosterone levels compared to controls during the early chick
rearing phase [35]. These findings underscore the need to
investigate potential effects of GPS-devices on the physiology and behaviour of study animals.
The aim of this study is to examine the influence of biologging on the behaviour and physiological parameters
of the Northern Bald Ibis (Geronticus eremita). After
being listed as critically endangered for many years, this
species is now listed as endangered since 2018. Understanding the effects of GPS-transmitters in this system is
potentially important for conservation and reintroduction projects (e.g. in Europe and North Africa) that apply
telemetry devices for monitoring and research.
We considered the effect of GPS-loggers in two different contexts: (1) a study on Northern Bald Ibis in captivity focussing on short-term effects of GPS-loggers
on behaviour (i.e. maintenance behaviour, locomotion,
foraging) and (2) a study on free-ranging Northern Bald
Ibis focussing on short- and intermediate-term effects of
GPS-loggers on behaviour (i.e. maintenance behaviour,
dorsal feather preening, locomotion, foraging) and physiological parameters (i.e. excreted immune-reactive corticosterone metabolites). In both contexts, we expected
the strongest effects of the GPS-loggers on behaviour
shortly after the tagging procedure, as reported from
other studies [36–38]. We predicted an increase in maintenance behaviour in GPS-tagged individuals compared
with handled birds (experienced handling but not the
tagging procedure) or control birds (experienced neither
handling nor tagging) since the presence of the device
can change the position of the feathers and therefore lead
to more self-directed behaviour [39]. We also expected
effects of the GPS-transmitters on locomotion and foraging during the first days after attachment because of
the increased energy demand caused by the additional
weight of the device [39]. In the field, we further tested
the effect of the GPS-transmitter on social behaviour
(i.e. affiliative and agonistic). In case of a logger effect,
we expected GPS-tagged birds to be less engaged in
social interactions or even be more frequently a target
of agonistic interactions. In addition, excreted immunereactive corticosterone metabolites were assumed to be
elevated in the GPS-tagged and handled birds shortly
after attachment of the loggers compared to the control
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birds. For intermediate-term effects (11 weeks), we predicted that behavioural and physiological values would
return to baseline [28, 40]. Furthermore, we investigated
whether the GPS-tag has an effect on the body weight
of the focal individuals. We expected GPS-tagged birds
to show a reduction in body weight as compared to the
handled and control groups, due to the increased energy
demand of the additional weight and drag of the transmitter [39].

Materials and methods
The aviary context is hereafter presented as “context 1”
and the field context as “context 2”.
Field site and study animals

In coordination with the European Breeding Programme
(EEP, [41]), a free-ranging Northern Bald Ibis colony was
established in 1997 at the Konrad Lorenz Research Centre (KLF, Grünau im Almtal, Austria; 47° 48′ E, 13° 56′ N)
by hand-raising zoo-bred chicks [42, 43]. This was the
first free-flying Northern Bald Ibis colony northward the
Alps after the species became extinct in the seventeenth
century. The aim was to implement basic research to gain
know-how for reintroduction and conservation purposes
[e.g. 20–22, 44, 45]. The year-round free-flying birds are
housed in a large aviary approximately 20 × 15 × 7 m
(L × B × H) at the Cumberland Wildpark where they
are able to flutter around and perform short flights. The
birds roam the feeding grounds in the Almtal-region, in
a radius of 15 km of the aviary, returning for roosting at
night and for breeding. Supplementary food (hash made
from 1-day-old chicks and beef heart, mixed with insects
and soaked dog food) is provided twice a day (0800 and
1500 CET) during winter and early spring when natural
resources are limited. The birds are well habituated to the
close presence of humans, and each of them is marked
with an individual combination of coloured leg rings.
Context 1—aviary

In summer 2013, the aviary was locked for this study for
10 days. At the time of data collection, the colony consisted of 70 individuals, including adult and juvenile
birds. Focal animals were 20 birds, chosen randomly
with respect to sex (11 females, 9 males) and age (10
adults, i.e. from the 4th year of age; 10 juveniles, i.e. the
1st year after hatching; according to the age classification proposed by Böhm and Pegoraro [46]). Age ranged
from 0.5 to 11 years (mean age ± SD = 3.9 ± 3.8). Ten
individuals were fitted with GPS transmitters (logger
group: Nfemales = 5, Nmales = 5; mean age ± SD = 3.5 ± 3.9)
while 10 served as control (handling group: Nfemales = 6,
Nmales = 4; mean age ± SD = 3.9 ± 3.9). The list of the
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focal individuals and their measurements are provided in
Table 1.
Context 2—field

At the time of data collection, in fall 2017, the colony consisted of 45 individuals, including adult and
juvenile birds. Focal animals were 24 adult birds (10
females, 14 males). Their age ranged from 2 to 18 years
(mean age ± SD = 7.1 ± 4.5). The focal individuals were
assigned to two experimental groups and a control
group (8 individuals per group): (i) Logger group (Nfemales = 4, Nmales = 4; mean age ± SD = 7.8 ± 5.1), birds
were equipped with GPS transmitters and experienced
handling procedure; (ii) Handling group (Nfemales = 3,
Nmales = 5; mean age ± SD = 6.6 ± 4.6), birds only experienced handling procedure; (iii) Control group (Nfemales = 3, Nmales = 5; mean age ± SD = 6.9 ± 4.5), birds
were neither equipped with GPS transmitters nor experienced handling procedure. The group assignment was
done randomly with respect to sex and age. During the
period of data collection, the colony was supplemented
with food twice in the morning (0745 and 0945 CET;
the total amount of food fed in the morning was identical to the one in the afternoon but split into two feeding situations) and once in the afternoon (1500 CET)
to facilitate behavioural observations, which started
straight after the first morning feeding, and to prevent
the individuals from flying away. The list of the focal
individuals and their measurements are provided in
Table 2.
Data collection
Context 1—aviary

Data collection was performed from 2 to 12 July 2013
(10 days) and was divided into three phases (Table 3):
phase 1, a 4-day-long phase to collect baseline observations from the behaviour of the birds in the aviary;
phase 2, a 2-day-long treatment phase (i.e. capturing
and equipping); phase 3, a further 4-day-long posttreatment observation phase.
Birds were caught on two consecutive days (phase
2) between 0930 and 1430 CET. Captures were done
by hand or by using a hand net and avoiding chasing.
Several morphological measurements (including body
weight for the present study) were taken for different
research purposes from all focal individuals. Weighing of individuals ensured that the transmitter did not
exceed 3% of the body weight of the bird ([13]; Table 1),
ranging between 1.6 and 2.4% of the body weight of
the single individuals. Ten birds were fitted with a
GPS-transmitter. The entire procedure (from catching to releasing) lasted between 15 and 25 min per
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Table 1 Context 1—aviary
Name

Sex Year of hatching Age class Body weight Experimental
group

Transmitter Transmitter
Total duration
percentage of body of video recordings
weight
(min)

Kleopatra

F

2013

Juvenile

1170

Logger

1

2.39

140

Ferdinand

M

2013

Juvenile

1270

Logger

1

2.20

150

Sokrates

M

2013

Juvenile

1200

Logger

1

2.33

150

Esmeralda

F

2013

Juvenile

1210

Logger

1

2.31

151

Steppenwolf M

2002

Adult

1190

Logger

2

1.85

155

Winnetouch

2004

Adult

1140

Logger

2

1.93

150

F

Aleppo

F

2006

Adult

1240

Logger

2

1.77

150

Cian

M

2008

Adult

1300

Logger

2

1.69

160

Elvis

M

2013

Juvenile

1340

Logger

2

1.64

150

Sequoia

F

2009

Adult

1100

Logger

2

2.00

150

Kahn

M

2013

Juvenile

1320

Handling

0

0

155

Sophokles

M

2013

Juvenile

1140

Handling

0

0

150

Bazinga

F

2013

Juvenile

1160

Handling

0

0

155

Baghira

F

2013

Juvenile

1070

Handling

0

0

150

Hombre

M

2002

Adult

1190

Handling

0

0

154

Goran

F

2005

Adult

1150

Handling

0

0

160

Loki

F

2006

Adult

1200

Handling

0

0

154

Shannara

M

2007

Adult

1220

Handling

0

0

160

Schreckse

F

2008

Adult

1170

Handling

0

0

158

Babsi

F

2013

Juvenile

1030

Handling

0

0

160

Name, sex, year of hatching, age class, body weight, experimental group, type of transmitter (1 = ecotone transmitter 1, weight 28 g; 2 = ecotone transmitter 2, weight
22 g; 0 = no transmitter), transmitter percentage of body weight and the total duration of video recordings for all focal individuals involved in the study

individual (mean handling durations ± SD: handling
group = 20.7 ± 3.5, logger group = 20.6 ± 2.4).
Context 2—field

Behavioural data and individual droppings for excreted
CM were collected from 25 October 2017 to 11 January 2018 (79 days). Data collection was divided into five
phases (Table 3): phase 1, an 11-day-long pre-treatment
phase to collect baseline behavioural observations and
physiological measurements; phase 2, a 1-day-long
treatment phase (handling procedure and transmitter
attachment); phase 3, a 10-day-long post-treatment data
collection phase; phase 4, a 5-day-long post-treatment
phase to perform data collection 1 month later; phase 5, a
5-day-long post-treatment phase to perform data collection 2 months later. During phase 2, only droppings for
CM analysis were collected; behavioural observations did
not take place, as the GPS-transmitters were attached in
the morning.
Birds (logger and handling groups) were caught on
1 day (phase 2) between 0815 and 1100 CET. Captures
were done by hand or by using a hand net and avoiding
chasing. Body weight was taken as a morphological measurement on the day of transmitter attachment (phase 2)
and at the end of the experiment (phase 5). Weighing of

individuals ensured that the transmitter did not exceed
3% of the body weight of the birds ([13]; Table 2), ranging
between 1.49 and 1.88% of the body weight of the single
individuals [13]. For further statistical analysis, we calculated the weight change (Δbody weight) between phase
2 and phase 5. Eight ibises were fitted with a GPS-transmitter. The entire procedure (from catching to releasing)
lasted between 13 and 30 min per individual (mean handling durations ± SD: handling group = 18.6 ± 4.7, logger
group = 19.6 ± 4.0).
Transmitter attachment

Focal animals of the logger group of both contexts (i.e.
in captivity and in the field) were fitted with telemetry
devices (Ecotone® Telemetry, Sopot, Poland; http://ecoto
ne-telemetry.com/en), which were backpack-mounted
with a harness following an earlier study by Lindsell et al.
([47], see also Tables 1 and 2). All birds were equipped
with either GSM-GPS transmitters, which store the GPS
locations and transmit them via GSM network to a server,
or UHF-GPS transmitters, from which stored GPS-data
can be downloaded via UHF-antenna. All loggers were
equipped with solar panels to recharge the batteries.
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Table 2 Context 2—field
Name

Sex

Year of hatching

Start body
weight

Experimental group

Transmitter

Transmitter percentage End
of body weight
body
weight

Othello

M

1999

1340

Logger

1

1.49

Aleppo

F

2006

1180

Logger

2

1.86

1360

Cian

M

2008

1330

Logger

1

1.50

1350

North Face

M

2009

1260

Logger

2

1.75

1290

Tiffi

M

2011

1300

Logger

1

1.54

1340

Minerva

F

2013

1250

Logger

2

1.76

1230

Kira

F

2014

1185

Logger

2

1.86

1250

Taska

F

2014

1170

Logger

2

1.88

1200

Hombre

M

2002

1280

Handling

0

0

1370

Simon

M

2006

1360

Handling

0

0

1330

Schreckse

F

2008

1320

Handling

0

0

1350

Lukas

M

2012

1340

Handling

0

0

1480

Kleopatra

F

2013

1330

Handling

0

0

1210

Khan

M

2013

1370

Handling

0

0

1430

Chicco

F

2014

1350

Handling

0

0

1410

Smirne

M

2015

1370

Handling

0

0

1390

Abraxas

M

2002

–

Control

0

0

–

Shannara

M

2007

–

Control

0

0

–

Hilda

M

2009

–

Control

0

0

–

Sequoia

F

2009

–

Control

0

0

–

Ozzy

M

2010

–

Control

0

0

–

Mocha

F

2014

–

Control

0

0

–

Simba

M

2015

–

Control

0

0

–

Sandro

F

2015

–

Control

0

0

–

Name, sex, year of hatching, start body weight, experimental group, type of transmitter (1 = ecotone transmitter 1, weight 20 g; 2 = ecotone transmitter 2, weight
22 g; 0 = no transmitter), transmitter percentage of body weight and end body weight for all focal individuals involved in the study

Table 3 Phases of the data collection
Phases

Context 1—aviary

Context 2—field

Phase 1

A 4-day-long pre-treatment observation phase; July

An 11-day-long pre-treatment data collection phase; October till Novem‑
ber

Phase 2

A 2-day-long treatment phase (i.e. capturing and equipping); July

A 1-day-long treatment phase (handling procedure and transmitter
attachment); November

Phase 3

A 4-day-long post-treatment observation phase; July

A 10-day-long post-treatment data collection phase; November

Phase 4

–

A 5-day-long post-treatment data collection phase 1 month later;
December

Phase 5

–

A 5-day-long post-treatment data collection phase 2 months later; Janu‑
ary

Context 1—aviary

1170 and 1270 g; Table 1). Six ibises were outfitted with
UHF-GPS transmitters (Ecotone transmitter 2: weight
22 g, approximately 1.8% of the body weight of the
birds ranging between 1100 and 1340 g; Table 1).

Four birds were equipped with GSM-GPS transmitters (Ecotone transmitter 1: weight 28 g, approximately
2.3% of the body weight of the birds ranging between
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Context 2—field

All focal birds in the logger group were equipped with
GSM-GPS transmitters (Ecotone transmitter 1: weight
20 g, approximately 1.5% of the body weight of the birds
ranging between 1300 and 1340 g; Ecotone transmitter 2:
weight 22 g, approximately 1.8% of the body weight of the
birds ranging between 1170 and 1260 g; Table 2).
In both contexts, the loggers were not removed from
the focal individuals after data collection for approximately further 8 months; however, logistical and organisational issues did not allow to further investigate the
effects of the deployment.
Behavioural data
Context 1—aviary

During the 8 days of phase 1 and 3, every focal individual was video-recorded (Canon Legria FS306) for
10 min twice per day, in the morning between 0900 and
1300 CET and in the afternoon between 1300 and 1800
CET, considering a break of at least 2 h between repeated
observations of the same individual. In total, 16 protocols were collected per individual, adding up to a sum
of 3000 min of observation. Due to technical problems
some videos of phase 3 got partly lost (on average 6.9 min
per individual). This was taken into account in the analysis. Videos were analysed using the software Solomon
Coder beta (©2013 András Péter). The following behavioural parameters were coded and analysed: duration of
locomotion (including walking and flying), frequency of
foraging (including drinking, feeding and poking with
the bill in the soil), and frequency of maintenance behaviour (including preening, scratching, shaking, stretching, bathing in the sun or in the water; for an exhaustive
description of the ethogram of the Northern Bald Ibis
see [48]). Videos were coded by JG and ML after calculation of inter-observer reliability using Kappa statistics
(Kappa = 8.3, “almost perfect agreement”; [49]).
Context 2—field

During phases 1, 3, 4 and 5 behavioural observations of
focal individuals were collected with the software Prim8
Mobile (mobile computing to record nature, http://www.
prim8software.com/; [50]) by applying focal sampling
with a continuous recording method [51, 52]. All observations were taken once per day between 0830 and 1200
CET, with each protocol lasting 5 min per individual. The
simultaneous observation of pair partners was avoided to
prevent pseudo-replication in social interactions. In total,
719 protocols were collected (on average: x̄ ± SE = 30 ± 2
focal observations per individual). The following behavioural parameters were coded and analysed: duration of
maintenance behaviour (including preening, scratching,
shaking, fluffing, stretching, sleeping, resting, bathing in
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the sun or water), dorsal feather preening (preening the
area around the logger), locomotion (walking, short distance flights with the focal individual still in sight) and
foraging (drinking, feeding, poking with the bill in the
soil), as well as frequency of initiated and received affiliative (i.e. greeting, preening, preening invitation, mutual
bill shaking, contact sitting) and agonistic (i.e. displacing, threatening, pecking, fighting) interactions (for an
exhaustive description of the ethogram of the Northern
Bald Ibis see [48]). Behavioural data were collected by
VP-S and TC after calculation of inter-observer reliability using intraclass correlation coefficient (package “irr”,
[53]; coefficient = 0.953, “excellent reliability”, [54]). A
ratio per minute was calculated for the durations and the
frequencies.
Collection of droppings and analysis of corticosterone
metabolites
Context 2—field

To determine concentrations of excreted CM, individual
droppings were collected. Droppings represent an integrated, proportional record of the plasma corticosterone
levels depending on the gut passage time [32], which we
know to be 2–3 h [55], similar to the records on white
ibises (Eudocimus albus, [56]). Daily sample collection
was conducted independently of behavioural observations. To account for possible endogenous diurnal variations, droppings were collected from 1600 to 2000 (CET)
each day. The collected sample was transferred into an
individual Eppendorf® microtube 
(Eppendorf®, Hamburg, Germany) directly after defecation of the focal bird
to avoid cross-contamination with other droppings. The
samples were stored on ice during collection and within
3 h frozen at − 20 °C for CM analysis. In total, we collected 591 droppings for CM determination (on average:
x̄ ± SE = 25 ± 3 droppings per individual).
The analysis was done via an enzyme immunoassay
(EIA; [31, 32, 57]) suitable for Northern Bald Ibises [55]
at the laboratory of the Department of Behavioural Biology, University of Vienna (Austria). The intra- and interassay coefficients of variance amounted to 9.57% and
5.54%, respectively.
The measured value of nanogram CM concentration
per gramme dropping was taken into further statistical
analysis.
Statistical analyses

All statistical analyses were carried out using the software R 3.4.0 [58] and the packages “lme4” [59], “glmmADMB” [60] and “MuMIn” [61]. We checked whether
the residuals were normally distributed through visual
inspection and a Shapiro–Wilk test. We used an information-theoretic approach and calculated all possible
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candidate models, ranked them according to their AICc
values (second-order form of Akaike’s Information
Criterion to account for small sample sizes; [62]) and
selected the models with ∆AICc ≤ 2 with respect to the
top-ranked model for model averaging in order to create model-averaged coefficients [63].

able to run with positive values (> 0), we added the number 1 to each behavioural category. To investigate the
effect on CM and Δbody weight, we used Linear mixedeffects models.

Context 1—aviary

Age class was the most important predictor, i.e. juveniles
moved more than adults (Additional file 1: Tables S1 and
S2). Compared to age class, the relative importance of
pre/post-catching (i.e. phase 1 and 3), time of day and
sex was very low; thus, these factors had a less important effect on locomotion (Additional file 1: Table S2).
The interaction term was not included in the top-ranked
models (Additional file 1: Table S1). Most importantly,
the relative weight of the GPS-transmitters did not occur
in the best models; accordingly, the presence and weight
of a transmitter were not found to affect the behaviour.

We defined (1) locomotion, (2) foraging and (3) maintenance behaviour as dependent variables. Generalised
linear mixed models (GLMM) were used to investigate
whether phase 2, i.e. the 2 days of catching and fitting
the birds with GPS-transmitters, had an effect on the
behavioural categories. In each set of candidate models the frequency or proportion of one behavioural
category served as dependent variable with the following fixed factors in each full model: phase (pre- or
post-catching), relative weight of the GPS-transmitter
(i.e. percentage of the body weight of the individual;
for the handled birds this was zero), sex and age class
(adult, juvenile), time of day (i.e. morning and afternoon). We included the phase (i.e. 1 or 3) and the relative weight of the transmitter as interaction. Regarding
locomotion, we fitted a beta distribution (link = logit);
i.e. locomotion was measured as the proportion of
observation time. The dependent variable “foraging”
contained 133 zeros, and the remaining 170 values varied widely; therefore, it was converted into a binary
variable, i.e. foraging or not foraging (family = binomial, link = logit). A negative binomial distribution
(link = log) was fitted on the dependent variable “maintenance behaviour” (frequency). The identity of the
individual and the day of observation (1 to 8) were
added as random factors to all models.
Context 2—field

The following parameters were defined as response variables: (1) behaviour (including maintenance behaviour,
dorsal feather preening, locomotion, foraging, social
interactions), (2) CM and (3) Δbody weight. Behavioural
categories were treated as separate dependent variables
in the candidate models. Fixed factors in each full model
were experimental group, phase and the interaction term
between those two parameters. Sex was not included as
a fixed factor, as no effect was found in context 1 regarding logger attachment. Subject identities were included
as random factors in all models to control for between
subject variation and unbalanced design. GLMMs with
an inverse gaussian distribution (link = log) were used
to assess the effect of GPS transmitter attachment on
behaviour. As the inverse gaussian distribution is only

Results
Context 1—aviary
Locomotion

Foraging

Age class and time of day were the most important
predictors, i.e. juveniles were more likely to forage
than adults; foraging was more likely to be observed in
the afternoon than in the morning (Additional file 1:
Table S2). Compared to age class and time of day, all
other parameters (i.e. sex, pre/post-catching and relative
transmitter weight) had a much lower relative importance and therefore there is little evidence that these
factors influenced foraging (Additional file 1: Table S2).
The interaction term was not included in the top-ranked
models (Additional file 1: Table S1).
Maintenance behaviour

Time of day was the most important predictor, i.e. in the
afternoon maintenance behaviour was observed more
frequently (Additional file 1: Table S2). The factor sex
also had relatively high importance with 0.82, i.e. females
showed less maintenance behaviour than males. The
other parameters pre/post-catching, relative transmitter
weight and age class all had very low relative importance,
meaning that there is little evidence in this dataset that
these fixed factors influenced the frequency of maintenance behaviour (Additional file 1: Table S2). The interaction term was not included in the top-ranked models
(Additional file 1: Table S1).
Context 2—field
Locomotion, foraging and maintenance behaviour

Phase (i.e. the different phases of the data collection) was the most influential variable regarding the
response variables maintenance behaviour, dorsal
feather preening, locomotion, foraging (Additional
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Fig. 1 Context 2—field. Mean estimated durations (s) per minute
of locomotion, foraging, maintenance behaviour as well as dorsal
feather preening. For a detailed description of the phases, see
Table 3. Solid line, maintenance behaviour; dotted line, dorsal feather
preening; shortdash, locomotion; longdash, foraging. N = 24

file 2: Tables S3 and S4). Locomotion and foraging
(Fig. 1) declined throughout phases 1 to 4 and showed
an increase in phase 5. The duration of dorsal feather
preening only slightly changed during the experiment, whereas a peak in maintenance behaviour was
observed in phase 4 (5-day-long post-treatment phase
1 month later) with decreasing durations in phase
5 (5-day-long post-treatment phase 2 months later;
Fig. 1). Experimental group and the interaction term
were not included in the top-ranked model.
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Fig. 2 Context 2—field. Mean estimated frequency of initiated
affiliative behaviour in relation to the different phases and
experimental groups. For a detailed description of the phases, see
Table 3. NLoggerGroup = 8; NHandlingGroup = 8; NControlGroup = 8

throughout phases 1 to 4 and increasing ones during
phase 5 (Additional file 2: Tables S3 and S4). Experimental group and the interaction term were not included in

Social behaviour

Model-averaged results identified phase, experimental group and the interaction term between the two
parameters as the strongest determinants of initiated
and received affiliative behaviour (Additional file 2:
Tables S3 and S4). The affiliative behaviours (initiated
and received) increased initially in the GPS-tagged birds
compared with the handled and control birds; then we
observed a decline in the GPS-tagged birds during phase
4. Furthermore, birds in the control (initiated affiliative
behaviour) and handled (initiated and received affiliative behaviour) groups showed a peak during phase 3 and
4, respectively; in both cases, the frequencies decreased
afterwards (Figs. 2 and 3). Received agonistic behaviour
was best explained by phase, with decreasing frequencies

Fig. 3 Context 2—field. Mean estimated frequency of received
affiliative behaviour in relation to the different phases and
experimental groups. For a detailed description of the phases, see
Table 3. NLoggerGroup = 8; NHandlingGroup = 8; NControlGroup = 8
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the top-ranked model. Candidate models with initiated
agonistic behaviour as response variable did not improve
penalised model fit over the null model, as assessed by
AICc, indicating that variation in the data cannot be
explained by any of the fixed factors.
Corticosterone metabolites

The excretion pattern of CM was best explained by
phase, experimental group and the interaction term of
these fixed factors (Additional file 2: Tables S3 and S4).
CM levels of the GPS-tagged birds increased steadily
after GPS-transmitter attachment, whereas a decline was
observed within the handled birds (Fig. 4). On the contrary, the control birds showed first an increase in CM
levels during phase 3, with decreasing levels afterwards.
However, during phase 5, all three experimental groups
showed similar CM concentrations.
ΔBody weight

The full model did not improve penalised model fit over
the null model, as assessed by AICc, indicating that variation in the data cannot be explained by any of these
factors.

Discussion
The deployment of GPS-transmitters on Northern Bald
Ibises did not cause remarkable changes in measured
behaviour. However, excreted corticosterone metabolites (CM) increased after transmitter attachment during

Fig. 4 Context 2—field. Mean estimated CM (ng/g) in relation to the
different phases and experimental groups. For a detailed description
of the phases, see Table 3. NLoggerGroup = 8; NHandlingGroup = 8;
NControlGroup = 8
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month 2 before returning to baseline levels during month
3. Our results indicate that the GPS-transmitters used
in the present study (i.e. up to approximately 2.5% of
the body weight of an animal) did not affect foraging,
locomotion, maintenance behaviour and dorsal feather
preening or received agonistic behaviour in captive and
free-flying Northern Bald Ibises during the immediate
post-tagging period. The pre- and post-catching phase
as well as the relative GPS-transmitter weight in aviary
birds (context 1) and the variable “experimental group” in
the field (context 2) had no or only low relative importance as compared to other factors such as age class,
time of day (context 1) or phase (context 2). These outcomes contradict our expectations, as we expected to
find the strongest differences between tagged birds and
handled and control birds shortly after catching and tagging. In regard to the aviary study (context 1), perhaps
behavioural acclimatisation after logger attachment was
facilitated compared to free-flying conditions, as not
much energy had to be expended for foraging activities. Both weather conditions and GPS transmitters have
been shown to affect the energy costs of behaviour [39,
64]. Such constraints can be reflected in elevated cost of
foraging [65] or in behavioural response that minimises
such costs [66]. Because locomotion, foraging and maintenance behaviour in free-flying Northern Bald Ibis did
not seem to be affected by logger deployment in general, we may conclude that the harness-attached GPStransmitters in the present study did not have a negative
impact on the behaviour observed. Furthermore, we can
likely exclude a possible effect of handling time, as the
mean values of procedure duration were similar between
the experimental groups.
Despite the overall finding of little measurable effect of
the GPS-transmitter on behaviour, affiliative behaviour
decreased in the GPS-tagged group after the attachment
as compared to the handled and control groups, indicating that the tagged birds experienced some impact after
logger deployment. Even though we did not investigate the social network [67] of these birds, one possible
explanation for the observed pattern is that GPS-tagged
birds moved towards the edge of the network for a short
period, and for this reason they initiated and received
less affiliative behaviour compared with birds in the handled and control groups. Such behavioural responses
could negatively impact reproductive behaviour as breeders are usually better embedded in the social network
as compared to non-breeders [68], but this remains to
be tested. One of the most substantial effects of GPStagging reported in other studies is the decreased likelihood of nesting [1]. A meta-analysis found the strongest
negative effects on reproduction in individuals tagged
with neck collars [69]. As we found a clear difference
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between the handled group and the GPS-tagged group,
we can conclude that the observed effect was caused by
the logger deployment alone and not due to the handling
experience. We can further exclude CM levels as a reason
for the decline in affiliative behaviour, as the GPS-tagged
group excreted similar concentrations as the handled and
control birds during phase 3. Even though the behavioural effect was not long-lasting, a careful consideration
of the type and period (i.e. reproductive vs non-reproductive period) of GPS-logger attachment is pertinent.
Our results hint at an effect of GPS-loggers on CM
excretion. During phases 1 to 3, all experimental
groups showed similar patterns in CM levels. The low
value in the control group during phase 2 could be
related to the small sample size, resulting in the differences in CM concentrations between the groups. As a
seasonal effect, CM levels generally decrease in late fall
and increase again towards the onset of the mating season [70]; however, this was not the case during phase 4
(December) in the GPS-tagged birds as compared to the
handled and control birds. Notably, the CM concentrations in all three experimental groups were comparable
at the end of the experiment (January), and therefore
this might be considered an intermediate-term effect
of GPS-tagging. A seasonal or handling effect on CM
level can be excluded as the GPS-tagged birds showed
an increase in CM concentrations, whereas the handled birds showed similar values to the control group.
Further, we can exclude an impact of the GPS-logger
deployment on CM due to sex or age, as those parameters were taken into account when designing the experimental setup. The impact of the GPS-loggers on CM
could be a consequence of our small sample size. However, we accounted for this possibility when defining
and choosing the statistical models. Thus, we tend to
exclude this possibility, even though confidence in the
pattern would benefit from a greater sample size generating more robust results. Glucocorticoid concentrations have been shown to increase with handling time
[71]. Therefore, we cannot exclude a possible effect of
individual differences in reacting to stressful situations;
for instance, small differences in handling time between
individuals might have affected the results. Furthermore, we also cannot exclude potential impacts on the
flight performance of the GPS-tagged birds as we did
not measure flight behaviour. A recent study showed
that flight speed reduces depending on how heavy
the bird is after tagging [14], which would certainly
have an impact on wild birds. Thus, a more thorough
consideration of flight performance would be necessary. Still, the detected effect in the GPS-tagged birds
could have consequences for their subsequent reproductive success, due to the possible increase in energy
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expenditure during the winter period. Under natural
conditions such increased energetic expenditure during
winter could eventuate in less available energy allocated
to reproduction, i.e. building a nest, producing eggs
and raising chicks. We did not detect changes in body
weight in relation to logger deployment in the present
study, and therefore one could argue that GPS-tagged
individuals in this study had enough energy available
for survival and investment into the breeding season.
Compared to the adult birds, juveniles showed more
locomotion and foraging behaviour. Both foraging and
maintenance behaviours occurred more often in the
afternoon than in the morning, which was independent
of the presence of a GPS-transmitter. Thus, when testing the effects of GPS-loggers in animals, it is important to account for different age classes and time of
day that could mask variation caused by transmitter
effects. A detailed discussion of these results is beyond
the scope of this study. However, there is evidence from
other studies that juvenile and sub-adult birds had
lower foraging efficiency compared with adults and
experienced individuals, which may force juveniles to
migrate later than adults [47, 72]. In our study, yearling
juvenile birds were observed foraging more frequently
than adult birds, irrespective of being equipped with a
transmitter or not. The hierarchy within the colony is
another factor worth considering: sub-adults and especially juveniles after fledging (as in our case) are low in
rank and often get displaced by adult birds, who pose a
risk to scrounge their food [48, 73]. Thus, age and time
of day can have significant effects that require scrutiny
per study species when tagging is considered.

Conclusions
This study was performed on a globally endangered
species, for which the kind of data that can be collected by GPS telemetry could be essential to manage its conservation. For example, GPS technology is
used to monitor endangered species, their threats and
to protect their habitats [74] or to detect poaching
events [75]. At the same time, given the small population size, individual birds of this species are disproportionally important for reproduction. For both
reasons, it is highly relevant to identify and minimise
potential effects of GPS-loggers on this species. In the
present study, we found no long-term effects of GPStransmitters below 3% of the body weight of an animal
on locomotion, foraging, maintenance and agonistic
behaviour in the Northern Bald Ibis. However, affiliative behaviour and the excretion pattern of CM were
temporarily affected by tagging. Our results imply that
a closer look at physiological parameters is important
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to detect whether there is an effect on the stress level
of the GPS-tagged animals, even though no behavioural
changes might be observed after logger deployment.
These findings are relevant for conservation and management projects running on species that include the
use of animal-carried bio-loggers.
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