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Abstract
Background In this paper, we present evidence that biologging is strongly correlated with eye irritation, suggesting a
causal relationship with obvious impairing effects for the affected individuals. A migratory population of Northern Bald
Ibises ( Geronticus eremita ) is reintroduced in Europe, in the course of a LIFE+ project (LIFE Northern Bald Ibis). Since
2014, all individuals are equipped with GPS-devices. Remote monitoring of the whole population allows the
implementation of focussed measures against major mortality causes. Initially all birds carried battery-powered
devices, �xed on the lower back of the birds. Since 2016, an increasing amount of birds were equipped with solar-
powered devices, �xed on the upper back, as this is the more sun-exposed position. In 2016, we observed for the �rst
time an opacity in the cornea of one eye (unilateral corneal opacity; UCO). From 2016 to 2018, a total of 25 birds were
affected by UCO, with varying intensity up to blindness. However, only birds carrying a device on the upper back were
affected (2017 up to 70% of this group). In contrasts, none of the birds which carried devices on the lower back ever
showed UCO symptoms. This unexpected relationship between tagging and UCO was discovered in 2017. Since then,
we started countermeasures by removing the device or repositioning it on the lower back.

Results Northern Bald Ibises roost with their head on the back, one eye closely placed to the device. Thus, we conclude
that the most parsimonious explanation for the symptomatology is either a repetitive slight temperature rise in the
corneal tissue due to electromagnetic radiation by the GSM module of the device or a repetitive slight mechanical
irritation of the corneal surface. Concrete evidence is missing so far. On our advice, UCO was also found in Northern
Bald Ibises of a Spanish reintroduction project, in a completely consistent context.

Conclusion Our results indicate that further research in the fast-growing �eld of biologging is urgently needed. The
�ndings question the positioning of devices on the upper back in birds roosting with the head on the back.

Background
Biologging, de�ned as the use of miniaturized animal-attached tags for logging and/or relaying of data (Rutz & Hays,
2009), is a fast-growing �eld of basic and applied research in biology. Rapid technological development over the last
decades allowed developing small and light devices applicable to an even wider range of species throughout the taxa
down to the smallest birds and even large insects (Kays, Crofoot, Jetz, & Wikelski, 2015; M. Wikelski et al., 2007). Also
the scope of applications steadily increases, conventional radio tracking and remote GPS-monitoring is completed by
the measurement and transmission or logging of biological and environmental parameters and even video footage
(Bluff & Rutz, 2008). Consequently, the importance of biologging for basic and applied research is constantly
expanding (Kays et al., 2015; Rutz & Hays, 2009). Visions about future applications are far reaching, including the use
of birds populations as living sentinels for climate change and other environmental threats (Pschera, 2014; Martin
Wikelski & Tertitski, 2016), the �sheries management (Lowerre-Barbieri, Kays, Thorson, & Wikelski, 2018) or instant anti-
poaching tags to prevent species from environmental crime (Fritz, Unsoeld, & Voelkl, 2019; O’Donoghue & Rutz, 2016).

Placement of the devices ranges from intra-peritonealor subcutaneous implants (Mellish, Thomton, & Horning, 2007;
Wascher, Scheiber, Weiß, & Kotrschal, 2009) to external placement at different locations of the animal’s body (Kays et
al., 2015). In birds, as a proprietary animal group for biologging, a common position for external attachment is the lower
back, where the device is �xed by various kinds’ of leg-loop harnesses. However, at this position the device is usually
covered by wing-feathers when the bird is perching. This is asigni�cant disadvantage for solar-powered devices which
are dependent on sun exposure. Therefore, solar-powered devices are mainly placed at a more sun-exposed upper back
position, �xed by various types of wing-loop harnesses.
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The rapidly increasing application of biologging technology also causes a growing debate on trade-offs, deleterious
effects and related ethical issues (Bodey et al., 2017; Bowlin et al., 2010; Thaxter et al., 2016; Vandenabeele, Shepard,
Grogan, & Al., 2012). In birds, controversial discussions on impairing effects of biologging are mainly focussed on the
ratio of tag mass to body mass and in many biologging studies tag mass below a 5% threshold is the major
justi�cation for tag-use (Bodey et al., 2017). However, in a study with 80 seabirds species Vandenabeele et al. (2012)
found that devices with only 3% of the bird’s body mass resulted in an increase in energy expenditure for �ight ranging
from 4.67% to 5.71%.In a meta-analysis Bodey et al. (2017) even found negative effects upon survival, reproduction
and parental care when tags weight more than 1% of species’ body mass. Moreover, a recent study indicates that the
miniaturization of biologging devices has not resulted in a decrease in the relative device mass borne by animals, but
instead has prompted researchers to monitor smaller and smaller species (Portugal & White, 2018).

Furthermore, there is increasing evidence that the weight of the device relative to the carriers´ body mass is not the only
and probably even not the major parameter which causes impairing effects for the carrier. There is increasing evidence,
that in �ying and aquatic animals aerodynamic respectively hydrodynamic forces can vary considerably dependent on
the shape and pro�le of the housing as well as placement on the body (Bowlin et al., 2010; Obrecht, Pennycuick, &
Fuller, 1988; Pennycuick et al., 2012; Thaxter et al., 2016). For example, computational �uid dynamics modelling
indicate that a conventional tag can induce up to 22% larger drag compared to a streamlined tag (Kay et al., 2019). 

The European LIFE+ reintroduction project, LIFE Northern Bald Ibis (Geronticus eremita, NBI) aims to establish a
migratory population in Central Europe with a migration tradition to the southern Tuscany (Fritz et al., 2017,
2019;www.waldrapp.eu). The main translocation method is the human-led migration, where human-raised juveniles
follow microlight planes from their breeding sites north of the Alps to the common wintering site in Tuscany, WWF
nature reserve Laguna di Orbetello, where they are released into the wild population. A steadily increasing number of
wild living birds migrate between the common wintering site and three breeding sites north of the Alps. Chicks �edge
every year in the wild and follow adult conspeci�cs to the wintering site.

A pivotal measure for an e�cient and focussed management of a migratory species with large scale movements is
biologging, particular in the case of an endangered species like the NBI where little is known about the former migratory
behaviour (Bowden et al., 2008; Fritz & Unsöld, 2015; Serra et al., 2015). Since 2014, all individuals in the release
population are equipped with GPS tags. This allows daily remote monitoring of the whole population, even during the
migration period, when the birds perform large scale movements of up to 360 km per day. Due to the monitoring data,
we could show that illegal hunting in Italy caused up to 60% of the losses each season. The start of the LIFE+ project in
2014, allowed by using biologging technology the implementation of a campaign against illegal bird hunting in Italy
and even identi�cation and prosecution of a hunter which shot two birds. Meanwhile, the loss rate due to illegal hunted
birds could be halved, mainly as a consequence of actions taken on the basis of the biologging data (Fritz, 2015; Fritz
et al., 2019).

In this paper, we present evidence for a hitherto unknown physiological effect, the so-called unilateral opacity (UCO) of
the cornea in NBI. We also provide strong evidence that UCO is causally related to biologging. UCO affected a
substantial proportion of the release population. In a few cases, it caused signi�cant deleterious effects up to complete
loss of eye light in the affected eye. Another NBI reintroduction project in Andalusia,Spain, screened a proportion of their
population on our advice and found same symptomes, in a consistent context. 

Methods
The European migratory release population of Northern Bald Ibises currently consist of 102 individuals (status end of
2018; Fritz et al., 2019). In 2018, a total of 21 NBIs returned independently to one of the two breeding areas north of the
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Alps, Kuchl (Austria) and Burghausen (Bavaria). They raised a total of 26 chicks, and all together returned to the
wintering site in autumn. The reintroduction is still ongoing. We currently establish a third breeding colony in Überlingen
at Lake Constance (Baden-Württemberg) with the human-led migration as the main release method (Fritz et al., 2017).

Since the start of the European LIFE+ project (LIFE Northern Bald Ibis) in 2014, all individuals in the release population
were equipped with GPS devices. Different tag types were used (Tab.1). From 2014 to 2015, all birds carried battery
powered devices (type 1), �xed via leg-loop harness on the lower back. In 2016 and 2017, some birds´type 1 tags were
replaced by type 2 solar-tags and all newly released or wild-hatched birds were equipped with type 2 solar-tags. End of
2017, 72% of the whole population (N=84) still carried type 1 battery powered devices at the lower back position, while
28% carried type 2solar-tags�xed at the upper-back. In 2018, most of the type 1 and type 2 devices were replaced by
type 3 solar-tags so that end of 2018 84% of the whole population (N=102) carried type 3 solar-tags.

Table 1

Technical parameters of the different devices are outlined in Tab.1. To calculate the relative mass of the devices we
calculated the mean body weight of 20 adult females (1.257g, SD=60g) and 20 adult males (1.390g, SD=58g). The
relative mass of all tags was below 5% of the birds’ body mass, all solar-tags were below 3% of the birds’ body mass.

Release of the NBI in course of the European LIFE project is approved by the regarding national authorities. This
includes also the equipment of the birds with transmitters. Due to the national approvals, equipment with GPS-devices
is even mandatory for NBIs released in Bavaria or Baden-Württemberg, Germany. Tagging is done by experienced �eld
managers (D. Trobe, C. Esterer) based on current standards. All birds in the population are visually monitored during
their stay in the wintering or breeding site. Birds with conspicuous behaviour or obvious problems can be re-caught for
further examination and potential treatment (Fritz et al., 2019).

Statistical analyses were made using the software R version 6.3.1. (R Core Team, 2014). The frequency of incidences of
UCO was compared using Chi-squared tests and side preferences during roosting was compared with a Wilcoxon
signed rank test. A Yates continuity correction was used for Chi-squared tests to prevent overestimation of statistical
signi�cance when frequencies were low. In cases where one observed frequency was zero, the asymptotic
approximation of C2 is unreliable and p-values were estimated using a Monte Carlo method.

Results
During a routine veterinary screening in spring 2016, an adult male (ID 027; Tab.2) was found to have a serious opacity
at the cornea of the left eye. This was the �rst time that UCO was observed in our bird population. We assumed it to be
a singular case with traumatic cause. The affected bird died one month later during the spring migration due to
unknown reasons. During a routine screening at the beginning of 2017, two birds with severe panuveitis were detected
(ID 144, ID 057). In both cases the destruction of the eyes was obvious. In one female (ID 144, Tab.2) the ongoing
in�ammation lead to removal of her eyeball.

Tab.2

Alarmed by these cases, most birds in the release population were successively caught and screened. Even with the
plain eye and without any ophthalmological instruments the opacities were obvious for the observer. In 2017, a total of
16 cases of UCO were detected in total and in 2018, again eight cases. Thus, together with the single case in 2016, a
total of 25 birds were found to have UCO. Raised awareness had the advantage that in most birds UCO was detected at
an early stage (Tab.2). Fluorescein tests were negative in all tested cases. Depending on the degree of corneal opacity
(Fig.1) we distinguished �ve stages of UCO, from stage 1 with small-scale opacity, where iris and pupil are fully
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recognizable, to stage 5 with complete corneal opacity, where the iris and pupil are no longer visible. Allocation of the
intensity score were done by eight coders based on pictures of the affected eyes (Tab.2). In 11 cases, no pictures were
taken and allocation was done out in the �eld by one �eld manager (D. Trobe) only.

Fig.1

Several ophthalmological examinations in living animals (ID 057, ID 144), in enucleated eyes (ID 144; ID 067) or in eyes
of dead birds (ID 116 and others) were performed by veterinary ophthalmologists and human physicians.  The general
appearance was partial or complete cloudiness of the cornea, with the super�cial stroma being mainly affected and
intact corneal epithelium. In several cases, the cornea showed vessel ingrowth. In advanced stages, the lens of the
affected eye was cataractous and partial liquefaction and vacuolization of lens material had occurred. These eyes
showed in�ammatory changes like conjunctivitis and uveitis. Squeal of in�ammation and lens material resorption led
to iridodonesis, dyscoria and posterior synechiae formation.

The clinical examination of the birds revealed no clear cause for the symptoms. Infections of conjunctiva and cornea
can lead to opaci�cation of the cornea with the vessel ingrowth. However, virological and bacteriological examinations
did not provide any signi�cant results nor did the histological examinations (ID 067) reveal any evidence of infection.
Also, no indications for a trauma or a mechanical damage of the cornea surface were found. Two affected birds (ID
144, ID 057) were treated with antibiotics and cortisone, without noticeable effect. Therefore no further birds were
treated.

In spring 2017, we recognized a clear relationship between UCO and biologging. Only birds with solar-powered tags
(type 2), �xed via wing-loop on the upper back, have been affected. This was remarkable, because beginning of 2017,
only 25 out of 79 individuals (32%) carried type2 devices, while all the rest (68%) were equipped with battery-powered
devices (type1), �xed with leg-loops on the lower back. This pattern holds for all 25 UCO cases, without any exception,
resulting in a highly signi�cant deviation from the expected frequency distribution (Chi-squared test with Yates’
continuity correction, C2= 39.46, df=1, p=3.34×10-10).

Until the end of 2017, we used only solar tags of type 2 (tab.1). In 2018, we started using another type of solar tags
(type 3; tab.1), also placed on the upper back. In the following, we had eight cases of UCO with birds carrying a type 3
device. None of these birds carried a type 2 device before, so a delayed effect of a type 2 device can be excluded. Thus,
we have no indication for a causal relationship between a special type of solar-tag and the symptomatology.

From 2017, different measures were taken after detection of the symptomes, either removal of the solar-tag (N=5) or re-
positioning of the solar-tag from the upper back to the lower back, �xed via leg-loop harness (N=10). In those cases
where the effect of the measure could be determined removing or repositioning the device lead signi�cantly more often
to recovery than taking no action (C2=13.36, p=0.004, Pearson's Chi-squared test with simulated p-value based on 106

replicates). In fact, in all except of one case (ID 144; see next paragraph) taking either measure led to recovery within a
few months.

If no measures were taken, survival was found to be signi�cantly lower (C2=14.52, p=0.00014, Pearson's Chi-squared
test with simulated p-value based on 106 replicates). We have no cases where an affected bird recovers if the tag
remains; rather the opacity further advances and becomes irreversible. This was particularly indicated by the early
cases (ID 057, ID 144), where the device was not immediately removed from the upper back position, because a
relationship was not suspected at that time. In these cases, the condition has worsened progressively until the birds lost
all sight in the regarding eye. In one case (ID 144), the affected eye even had to be removed due to severe in�ammation.
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Eye opacity was found in birds from three different breeding colonies (Tab. 2) and in both males (N=12) and females
(N=13). Affected birds were partly members of the founder generation (F0: N=10), stemming from different European
zoos, and partly wild-born (F1: N=15). Kinship data and genetic data(Wirtz et al., 2018) did not hint at any particular
relationship between the affected individuals. Left and right eyes were equally affected by UCO (left: N=12, right: N=13).

Fig.2

Northern Bald Ibises roost with their head on the back. In this position, on eye comes close to a device �xed on the
upper-back position (Fig.2). Thus, short distance effects of the device on the near-positioned eye are most probably the
proximate functional cause for UCO.

To test, if individual side preference in head positioning during roosting explains the unilaterality, we surveyed a group
of 32 human-raised juvenile Northern Bald Ibises. All of the birds changed between left side (overall 51.2 % of all
instances) and right side (48.8%). A non-parametric sign test suggests no difference between the two sides (Wilcoxon
signed rank test, W=202.5, p=0.4975, two-tailed). Thus, individual side preference in head positioning during roosting do
not explain the unilaterality. This also corresponds with patterns found in three birds (ID 184, 133, 029) which where
twice affected by one-eye opacity. In those three cases we tried to counter eye opacity by replacing type 2devices by
type 3 devices (at the same wing-loop position). In one case (ID 184), the same eye was repeatedly affected, while in
two individuals (ID 133, 029) the other eye was affected the second time.

Discussion
Since 2014, all Northern Bald Ibises of the release population carry GPS devices to allow remote monitoring of the
whole population. In addition, we regularly observe most of the birds and an essential part of the individuals are caught
once a year for veterinary screening. Observation and screening was the reason that we became aware of the UCO
symptomatology, which was completely unknown so far.

Meanwhile it became apparent that UCO is related to the placement of a GPS-device via wing-loop harness at the upper
back. This was substantiated by each new case. The habit of the birds to roost with the head on the back suggests a
plausible causal relationship between the placement of the GPS device and UCO. This roosting position brings one eye
close to the device placed at the upper-back position. Thus, a cumulative proximity effect on the nearby eye during
roosting phases seems to be the most parsimonious proximate cause for UCO. We initially assumed that the symptoms
are caused by a particular type of solar tag (type 2; Tab. 1). For this reason, we switched to a new type of solar
transmitter (type 3) at the beginning of 2018. But it soon became evident, that type 3 causes the same symptoms.

A striking feature of UCO is that in all cases only one eye is affected, left and right equally. An individual side preference,
when the birds turn the head to the back into the sleeping position, seems to be an obvious explanation for unilaterality.
This would frequently bring always the same eye closer to the device. However, we found no evidence for individual
side preference in Northern Bald Ibises with respect to this behaviour. This is also con�rmed by the pattern found in
three birds which where twice affected by UCO. In two of these birds, the second case of opacity affected the other eye
than in the �rst case. An alternative explanation for unilaterality is that the individual side preference is triggered by the
onset of illness. In particular, if the visual acuity of one eye is affected by UCO, the bird may tend to position the head
mainly in a way that the unaffected eye is used for regular vigilance during roosting (Fig. 2).

The course of the disease seems to affect �rst only the super�cial stroma of the cornea. Vessel ingrowth, like it was the
case in several affected individuals, is a sign for chronicity. However, no evidence of infection was found nor any
indication for a mechanical damage of the cornea surface. Eyes with advanced stages of opacity showed cataracts in
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combination with conjunctivitis and uveitis that led to irreparable damage and complete loss of sight in the affected
eye.

Since UCO was initially unknown for other NBI populations or other species, we assumed the ultimate cause for the
disease could be a population-speci�c effect. However, genetics or environmental effects like contamination seem
unlikely given the aetiology and incidence pattern. Two infections are known to incidentally cause uveitis under speci�c
conditions, Toxoplasmosis (Vickers et al., 1992; Williams et al., 2001)and the West Nile Virus (Pauli et al., 2007;
Wünschmann et al., 2017). However, these infections rather affect the retina than the cornea. Moreover, the consistent
unilaterality as well as the fast recovery of the carrier after removal or repositioning of the device can hardly be
explained by such infectious diseases.

An alternative cause for a population-speci�c effect could be speci�c chemical components of the used devices. For
example, solar panels can be provided with a coating containing organometallic compounds, which are known to have
toxic effects (Wai-Yeung & Cheuk-Lam, 2010). Also, silicon tetrachloride, included in new types of solar-panels, can in
combination with water lead to the formation of hydrochloric acid which cause tissue-damages (Braga et al., 2008).
However, to our knowledge such compounds were not used in either of the devices. We can also exclude light re�ection
by the solar panel as a potential cause for UCO, because the panel of the type 3 solar-tag is non-re�ective (Fig. 2).

By exclusion of these seemingly implausible ultimate causes for UCO, we ended up with two remaining hypotheses.
One is a persistent slight mechanical irritation of the corneal front stroma in the nearby eye during roosting. However,
examination of several eyes revealed no indication for mechanical damage of the cornea surface. Moreover, such a
mechanical effect requires frequent physical contact between the corneal surface and the device. But even though the
eye is close to the device during roosting, a frequent direct contact between the cornea and the device seems unlikely.

The GSM component of the remote monitoring devices transmits electromagnetic radiation in the range of radio waves,
with peak power up to 2 watts (D. Mindaugas, personal communication; www.ornitela.com). Several studies indicate,
that this radiation may cause negative effects on the organism, like DNA breakage, abnormal brain functions, reduced
sperm mobility or increased reactive oxygen species concentrations(Al-Khlaiwi & Meo, 2004; Daniels et al., 2009; Kesari
et al.,  2013; Mailankot et al., 2009). However, Ziegelberger (2009)cautions that today there is no solid evidence
supporting the notion that this radiation can lead to severe organic effects.

In contrast, a thermal proximity effect of electromagnetic radiation is well measurable. Mobile phones, held on the ear,
cause a temperature rise of up to 2.9 °C in the surrounding tissue, particularly in the ear channel (Forouharmajd,
Pourabdian, & Ebrahimi, 2018; Rusnani & Norsuzila, 2008; Tahvanainen et al., 2007). Animal studies indicate that a
variety of behavioural and physiological disorders can be provoked by temperature rises even below 1°C (Hyland,
2000).

Corneal tissue is known to be amongst the most thermally vulnerable areas of the body, mainly due to limited thermo-
regulation because of low blood supply (Shafahi & Vafai, 2010). Thus, a thermal proximity effect due to
electromagnetic radiation in the cornea of the eye which comes close GSM module seems plausible. A solar-tag
transmits several times a day, dependent on the setting and the availability of solar energy. If animals stay outside the
optimal network coverage, which happens regularly, connection setup and transmission require radiation close to peak
power. Under these circumstances, the transmission of the device exceeds the maximum energy emitted by legally sold
mobile devices (maximum SAR level1.6 watts per kg; Lee, et al. 2017).Thus, a thermal effect due to electromagnetic
radiation seems to be the most probable cause for UCO. However, a veri�cation of this assumption remains pending. It
also has to be noted that battery warming could likewise cause signi�cant temperature rise in the nearby tissue
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(Tahvanainen et al., 2007). Also, an empirical proof is needed about the effect of battery-powered devices at the upper-
back position; so far we only have data from solar-powered devises causing UCO.

Conservation Implications
 

From 2016 till start of the countermeasures end of 2017, a total of 34 individuals were equipped with GPS-devices at
the upper-back position. 17 of these birds (50%) were affected by UCO. This is a substantial proportion, particularly in a
founder population of an endangered species. However, in the absence of further evidence, UCO remained an isolated
phenomenon of our NBIs population. End of 2019, this changed fundamentally. Nine NBIs of an independent release
population in Andalusia (Proyectoeremita; López & Quevedo, 2016) were caught and screened upon our suggestion. All
those birds carried solar-tags on the upper back and �ve of them showed various degrees of UCO (Fig.3).

Fig.3

The discovery in the Andalusian population proves that UCO can affect NBIs in general. Potential species-speci�c
causes like particular susceptibility to this disease or morphological or behavioural peculiarities may increase the
susceptibility of the NBI. But it does not justify the assumption that the symptoms are limited to this species. A
plausible reason for the lack of evidence in other bird species is the di�culty to recognize the symptomatic in the wild.
The recent discovery of UCO in the Spanish NBI population con�rms this assumption. Even though the Spanish release
population is monitored and equipped with GPS-tags on the upper-back position since years, discovery of UCO
happened just recently, after raised awareness due to our observations.

We expect that this publication will lead to raised regard and thus more discoveries of UCO in further populations of
biologged NBIs as well as other bird species. UCO could also be related to already observed �tness-impairing effect of
biologging, where the causal relationship is yet unknown. For example, during an ongoing reintroduction project of the
Nippon Ibis (Nipponianippon) at Sado Island (Nagata & Yamagish, 2013) the post-release monitoring indicated that
birds released with solar-powered GPS tags on the back had a signi�cantly lower survival rate compared to released
birds without GPS device. Consequently, no further of these birds are equipped with GPS devices for release (H.
Nagata,pers.com.).

Recently, we got a �rst indication of a similar phenomenon in two South Africa rodents, the striped mice
(Rhabdomyspumilio) and Karoo bush rat (Myotomysunisulcatus). Individuals of both species were equipped with
battery-powered collar tags. In some of these individuals, tagging caused opacity and protruding eyeballs in both eyes.
The effect usually disappeared when the collars were removed (C. Schradin& M.Gatta, pers.com.). A striking difference
in the symptomatic of these rodent species is that the effect is the synchronous impairment of both eyes. This could be
caused by the fact that in these small, short necked animals both eyes are close enough to the device to cause thermal
proximity effects. However, pressure on blood veins caused by a tight neck-collar has been brought up as an alternative
explanation for the phenomenon in these rodent species (C. Schradin, personal communication).

The effective �tness-impairing effect of UCO in our reintroduced population is di�cult to estimate, because of the
countermeasures taken from 2017. In most cases, removal or re-positioning of the device had led to a fast regeneration
of the eye. But we suppose from the earlier cases (ID 027, 057, 144), where the device remained at the upper-back
position, that UCO could cause a serious and irreparably damage of the eye and accompanying effects like
conjunctivitis and uveitis. Thus, we conclude that without countermeasures the �tness of up to 50% of the individuals
carrying a device on the upper back position would have been seriously impaired by UCO.
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In our reintroduced Northern Bald Ibis population, we have now attached all devices on the lower back via leg-loop
harnesses. Currently more than 100 birds carry different types of devices on this position, battery powered or solar-
powered. Despite of a continuous monitoring, no bird with a device on the lower back ever showed UCO symptoms.

The lower-back position is clearly sub-optimal for solar-tags, because the solar panels are easily covered by wing
feathers when the bird is not �ying. On the other hand, this position has apparent aerodynamic advantages compared
to the upper-back position. Wind tunnel studies indicate, that the drag is considerably lower when a device is attached
to the lower-back position compared to a similar devise at the upper back position which is more aerodynamically
exposed (Bowlin et al., 2010; Pennycuick et al., 2012). This is con�rmed by observations in our project. During �ights of
human-raised NBIs accompanied by a microlight plane we repeatedly observed an extraordinary fast fatigue of birds
with device on the upper-back compared to birds without or with devices on the lower-back position (Fig.4).

These observations seem to be in contrast to a recent study on effects of biologgers on behaviour and corticosterone
metabolites of Northern Bald Ibises (Puehringer-Sturmayr et al., 2020). They found that attachment of GPS‐devices did
not affect various behaviours. Only a slight change in the levels of excreted corticosterone metabolites was found.
However, the study was done with a semi-captive population and during the major part of the data collection the
individuals were kept in an enclosure and prevented from �ights. Flight behaviour was not rated at all. Thus, the
signi�cance of their outcome is questionable, especially for migratory bird species which perform long-distant �ights.

Fig.4

Conclusions
The data presented in this paper and the corresponding observations in the Andalusian NBI project provide clear
evidence that tags �xed via wing-loop harness on the upper back position are the proximate cause for UCO. However,
the available data do not allow drawing �nal conclusions about the causal mechanism. In this context, further
investigations are needed, with a particular focus on thermal proximity effects caused by electromagnetic radiation.

Our �ndings give no reason to question biologging in general. But the UCO example highlights that a comprehensive
monitoring of tagged individuals is needed and that it is important to consider apparently unrelated side effects in
tagged individuals. It is clear that in most cases, where individuals are equipped with GPS devices, close-up screening
and observational data collections are hardly possible and practicable. Accordingly, in a meta-study Geen et al. (2019)
found that ca 55% of biologging studies contained no information on potential effects and in many more
documentation was inadequate. At least, approaches designed to minimize potential effects of devices on individual
birds and to improve scienti�c rigour were found to have advanced substantially.

The call for more systematic documentation of potential effects of biologging in peer-reviewed publications to support
more rigorous science and to further improve bird welfare seems well founded. We also agree with the increasingly
expressed demand that ethical standards of biologging studies should not be limited to the compliance with an
arbitrary 5% or 3% rule related to the body mass(Portugal & White, 2018). Other possible effects of biologging should be
taken into consideration and assessment of return rates or other reasonable parameters relative to control birds be
incorporated (Bodey et al., 2017; Geen et al. 2019; Schacter & Jones, 2017). It must be assumed that biologging in any
case affects the individual to a certain extent and potentially in unexpected ways. The burden and risk for the
individuals needs to be kept as low as possible. Apart from that, biologging should only be used to the extent necessary
in the context of reasonable questions or objectives.

Declarations



Page 10/17

Abbreviations

NBI: Northern Bald Ibis

UCO: unilateral corneal opacity

Acknowledgments

We are grateful to Dr.Rüdiger Korbel (Ludwig-Maximilian University Munich), Dr. Karin Lö�er (University Bonn), Dr.
Reinhard Dallinger (University Innsbruck), Dr.Barbara Nell (Veterinary University Vienna), Dr.Maria Gatta (University of
the Witwatersrand, Johannesburg) and CharstenSchradin (InstitutPluridisciplinaire Hubert Curien, Strasbourg
&University of the Witwatersrand, Johannesburg) for their helpful comments on the manuscript.

Authors’ contributions

JF, CE, DT and AS conceived the study and collected the data. JF, BE, BG, MU, BV, HW and AS analysed the data and
performed statistical analyses. JF, BV, HW and AS wrote the paper, with BG and BE providing major contributions. All
authors read and approved the �nal manuscript.

Author details

1Waldrappteam, LIFE Northern Bald Ibis, 6162 Mutters, Austria; 
2Veterinary UniversityVienna;
3University of Bern, VetsuisseFaculty

Funding

With 50 % contribution of the LIFE �nancial instrument of the European Union (LIFE+12-BIO_AT_000143, LIFE Northern
Bald Ibis)

Competing interests

The authors declare that they have no competing interests.

Consent for publication

Not applicable.

Availability of data and materials

The datasets used and/or for the mentioned investigations are available from the corresponding author on reasonable
request.

Ethics approval and consent to participate

Not applicable: the study does not involve humans. All authors adhered to the ‘Guidelines for the use of animals in
research’ as published in Animal Behaviour (1991, 41, 183–186). This study complies with all current Austrian laws and
regulations concerning work with wildlife. Biologging ist done in the context of the European LIFE+ reintroduction
project (LIFE+12-BIO_AT_000143, LIFE Northern Bald Ibis), in accordance with the IUCN Reintroduction Guidelines as
well as regarding European and National law. GPS tracking of all released individuals is a requirement for the national
approvals in Baden-Wuerttemberg (55-4/8852.41 - Waldrapp - Üb.) and Bavaria (55.1-8646.NAT_03-10-1).



Page 11/17

References
Al-Khlaiwi, T., & Meo, S. A. (2004). Association of mobile phone radiation with fatigue, headache, dizziness, tension and
sleep disturbance in Saudi population. Saudi Medical Journal, 25(6), 732–736.

Bluff, L. A., & Rutz, C. (2008). A quick guide to video-tracking birds. Biology Letters, 4(4), 319–322.
https://doi.org/10.1098/rsbl.2008.0075

Bodey, T. W., Cleasby, I. R., Bell, F., Parr, N., Schultz, A., Votier, S. C., & Bearhop, S. (2017). A phylogenetically controlled
meta‐analysis of biologging device effects on birds: Deleterious effects and a call for more standardized reporting of
study data. Methods in Ecology and Evolution, 9, 946–955.

Bowden, C. G. R., Smith, K. W., Bekkay, M. El, Oubrou, W., Aghnaj, A., & Jimenez-Armesto, M. (2008). Contribution of
research to conservation action for the Northern Bald Ibis Geronticus eremita in Morocco. Bird Conservation
International, 18, 74–90. https://doi.org/10.1017/S0959270908000403

Bowlin, M. S., Henningsson, P., Muijres, F. T., Vleugels, R. H. E., Liechti, F., & Hedenström, A. (2010). The effects of
geolocator drag and weight on the �ight ranges of small migrants. Methods in Ecology and Evolution, 1(4), 398–402.
https://doi.org/10.1111/j.2041-210X.2010.00043.x

Braga, A. F. B., Moreira, S. P., Zampieri, P. R., Bacchin, J. M. G., & Mei, P. R. (2008). New processes for the production of
solar-grade polycrystalline silicon: A review. Solar Energy Materials and Solar Cells, 92(4), 418–424.
https://doi.org/10.1016/j.solmat.2007.10.003

Daniels, W. M. U., Pitout, I. L., Afullo, T. J. O., & Mabandla, M. V. (2009). The effect of electromagnetic radiation in the
mobile phone range on the behaviour of the rat. Metabolic Brain Disease, 24(4), 629–641.
https://doi.org/10.1007/s11011-009-9164-3

Forouharmajd, F., Pourabdian, S., & Ebrahimi, H. (2018). Evaluating Temperature Changes of Brain Tissue Due to
Induced Heating of Cell Phone Waves. International Journal of Preventive Medicine, 9(40).
https://doi.org/10.4103/ijpvm.IJPVM_393_16

Fritz, J. (2015). Reintroduction of the Northern Bald Ibis in Europe: Illegal Hunting in Italy during Autumn Migration as
the Main Threat. WAZA Magazin, 31.

Fritz, J., Kramer, R., Hoffmann, W., Trobe, D., & Unsöld, M. (2017). Back into the wild: establishing a migratory Northern
bald ibis Geronticus eremita population in Europe. International Zoo Yearbook, 51(1), 107–123.
https://doi.org/10.1111/izy.12163

Fritz, J., Unsoeld, M., & Voelkl, B. (2019). Back into European Wildlife: The Reintroduction of the Northern Bald Ibis
(Geronticus eremita). In A. Kaufman, M. Bashaw, & T. Maple (Eds.), Scienti�c Foundations of Zoos and Aquariums:
Their Role in Conservation and Research (pp. 339–366). Cambridge University Press.

Fritz, J., & Unsöld, M. (2015). Internationaler Artenschutz im Kontext der IUCN Reintroduction Guidelines: Argumente zur
Wiederansiedlung des Waldrapps Geronticus Eremita in Europa. Vogelwarte, 53(2), 157–168.

Geen, G. R., Robinson, R. A., & Baillie, S. R. (2019). Effects of tracking devices on individual birds – a review of the
evidence. Journal of Avian Biology, 50(2), 1–13. https://doi.org/10.1111/jav.01823



Page 12/17

Hyland, G. J. (2000). Physics and biology of mobile telephony. Lancet, 356(9244), 1833–1836.
https://doi.org/10.1016/S0140-6736(00)03243-8

Kay, W. P., Naumann, D. S., Bowen, H. J., Withers, S. J., Evans, B. J., Wilson, R. P., … Börger, L. (2019). Minimizing the
impact of biologging devices: Using computational �uid dynamics for optimizing tag design and positioning. Methods
in Ecology and Evolution, 10(April), 1222–1233. https://doi.org/10.1111/2041-210X.13216

Kays, R., Crofoot, M. C., Jetz, W., & Wikelski, M. (2015). Terrestrial animal tracking as an eye on life and planet. Science,
348(6240), aaa2478. https://doi.org/10.1126/science.aaa2478

Kesari, K. K., Siddiqui, M. H., Meena, R., Verma, H. N., & Kumar, S. (2013). Cell phone radiation exposure on brain and
associated biological systems. Indian Journal of Experimental Biology, 51(3), 187–200. Retrieved from
http://www.embase.com/search/results?
subaction=viewrecord&from=export&id=L368489607%0Ahttp://nopr.niscair.res.in/bitstream/123456789/16123/1/IJEB
51%283%29 187-200.pdf%0Ahttp://lh.cineca.it/Ccube/openclink.do?
sid=EMBASE&sid=EMBASE&issn=00195189&id=doi:&at

Lee, A.-K., Hong, S.-E., Kwon, J.-H., Choi, H.-D., & Cardis, E. (2017). Mobile phone types and SAR characteristics of the
human brain. Physics in Medicine & Biology, 62(7).

López, J. M., & Quevedo, M. A. (2016). Northern Bald Ibis Reintroduction program in Andalusia. Proceedings of 4th
International Advisory Group for the Northern Bald Ibis (IAGNBI) Meeting Seekirchen, Austria, 57–67.

Lowerre-Barbieri, S. K., Kays, R., Thorson, J. T., & Wikelski, M. (2018). The ocean’s movescape: �sheries management in
the bio-logging decade (2018–2028). ICES Journal of Marine Science, (January).
https://doi.org/10.1093/icesjms/fsy211

Mailankot, M., Kunnath, A., Jayalekshmi, H., Koduru, B., & Valsalan, R. (2009). Radio frequency electromagnetic
radiation (RF-EMR) from GSM (0.9/1.8GHz) mobile phones induces oxidative stress and reduces sperm motility in rats.
Clinics, 64(6).

Mellish, J. A., Thomton, J., & Horning, M. (2007). Physiological and behavioral response to intra-abdominal transmitter
implantation in Steller sea lions. Journal of Experimental Marine Biology and Ecology, 351(1–2), 283–293.
https://doi.org/10.1016/j.jembe.2007.07.015

Nagata, H., & Yamagish, S. (2013). Re-introduction of crested ibis on Sado Island, Japan. In P. S. (ed. . Soorae (Ed.),
Global Re-introduction Perspectives: 2013. Further case studies from around the globe. (pp. 58–62). Gland, Switzerland:
IUCN/ SSC Re-introduction Specialist Group and Abu Dhabi, UAE: Environment Agency-Abu Dhabi.

O’Donoghue, P., & Rutz, C. (2016). Real-time anti-poaching tags could help prevent imminent species extinctions.
Journal of Applied Ecology, 53(1), 5–10. https://doi.org/10.1111/1365-2664.12452

Obrecht, H., Pennycuick, C., & Fuller, M. (1988). Wind tunnel experiments to assess the effect of back-mountd radio
transmitters on birds body drag. Journal of Experimental Biology, 135, 265–273.

Pauli, A., Cruz-Martinez, L., Ponder, J., Redig, P., Glaser, A., & Klauss, G. (2007). Ophthalmologic and oculopathologic
�ndings in red-tailed hawks and Cooper’s hawks with naturally acquired West Nile virus infection. J Am Vet Med Assoc,
231(8), 1240–1248.



Page 13/17

Pennycuick, C. J., Fast, P. L. F., Ballersta, N., & Rattenborg, N. (2012). The effect of an external transmitter on the drag
coe�cient of a bird ’ s body , and hence on migration range , and energy reserves after migration. Journal of
Ornithology, 153, 633–644. https://doi.org/10.1007/s10336-011-0781-3

Portugal, S. J., & White, C. R. (2018). Miniaturization of biologgers is not alleviating the 5% rule. Methods in Ecology and
Evolution, 9(7), 1662–1666. https://doi.org/10.1111/2041-210X.13013

Pschera, A. (2014). Das Internet der Tiere. Berlin: Matthes & Seitz Verlag.

Puehringer-Sturmayr, V., Loretto, M. C. A., Hemetsberger, J., Czerny, T., Gschwandegger, J., Leitsberger, M., … Frigerio, D.
(2020). Effects of bio‐loggers on behaviour and corticosterone metabolites of Northern Bald Ibises (Geronticus eremita
) in the �eld and in captivity. Animal Biotelemetry, 5, 1–13. https://doi.org/10.1186/s40317-019-0191-5

Rusnani, A., & Norsuzila, N. (2008). Measurement and Analysis of Temperature Rise Caused by Handheld Mobile
Telephones Using Infrared Thermal Imaging. 2008 IEEE International RF and Microwave Conference.
https://doi.org/10.1109/RFM.2008.4897449

Rutz, C., & Hays, G. C. (2009). New frontiers in biologging science. Biology Letters, 5(3), 289–292.
https://doi.org/10.1098/rsbl.2009.0089

Schacter, C. R., & Jones, I. L. (2017). Effects Of Geolocation Tracking Devices On Behavior, Reproductive Success, and
Return Rate of Aethia Auklets: An Evaluation of Tag Mass Guidelines. The Wilson Journal of Ornithology, 129(3), 459–
468. https://doi.org/10.1676/16-084.1

Serra, G., Lindsell, J. A., Peske, L., Fritz, J., Bowden, C. G. R., Bruschini, C., … Wondafrash, M. (2015). Accounting for the
low survival of the Critically Endangered northern bald ibis Geronticus eremita on a major migratory �yway. Oryx, 49(2),
312–320. https://doi.org/10.1017/S0030605313000665

Shafahi, M., & Vafai, K. (2010). Human Eye Response to Thermal Disturbances. Journal of Heat Transfer, 133(1).

Tahvanainen, K., Niño, J., Halonen, P., Kuusela, T., Alanko, T., Laitinen, T., … Lindholm, H. (2007). Effects of cellular phone
use on ear canal temperature measured by NTC thermistors. Clinical Physiology and Functional Imaging, Volume27(3),
162–172.

Team, R. C. (2014). R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Retrieved from http://www.r-project.org/

Thaxter, C. B., Ross-Smith, V. H., Clark, J. A., Clark, N. A., Conway, G. J., Masden, E. A., … Burton, N. H. K. (2016).
Contrasting effects of GPS device and harness attachment on adult survival of Lesser Black-backed Gulls Larus fuscus
and Great Skuas Stercorarius skua. Ibis, 158(2), 279–290. https://doi.org/10.1111/ibi.12340

Vandenabeele, S. P., Shepard, E. L., Grogan, A., & Al., E. (2012). When three per cent may not be three per cent; device-
equipped seabirds experience variable �ight constraints. Marin Biology, 159, 1–14.

Vickers, M., Hartley, W., Mason, R., Dubey, J., & Schollam, L. (1992). Blindness associated with toxoplasmosis in
canaries. J Am Vet Med Assoc, 200(11), 1723–1725.

Wai-Yeung, W., & Cheuk-Lam, H. (2010). Organometallic Photovoltaics: A New and Versatile Approach for Harvesting
Solar Energy Using Conjugated Polymetallaynes. Acc. Chem. Res., 43(9), 1246–1256.



Page 14/17

Wascher, C. A. F., Scheiber, I. B. R., Weiß, B. M., & Kotrschal, K. (2009). Heart rate responses to agonistic encounters in
greylag geese, Anser anser. Animal Behaviour, 77(4), 955–961. https://doi.org/10.1016/j.anbehav.2009.01.013

Wikelski, M., Kays, R. W., Kasdin, N. J., Thorup, K., Smith, J. A., & Swenson, G. W. (2007). Going wild: what a global
small-animal tracking system could do for experimental biologists. Journal of Experimental Biology, 210(2), 181–186.
https://doi.org/10.1242/jeb.02629

Wikelski, Martin, & Tertitski, G. (2016). Ecology: Living sentinels for climate change effects. Science, 352(6287), 775–
776. https://doi.org/10.1126/science.aaf6544

Williams, S., Fulton, R., Render, J., Mans�eld, L., & Bouldin, M. (2001). Ocular and encephalic toxoplasmosis in canaries.
Avian Dis, 45(1), 262–267.

Wirtz, S., Boehm, C., Fritz, J., Kotrschal, K., Veith, M., & Hochkirch, A. (2018). Optimizing the genetic management of
reintroduction projects: Genetic population structure of the captive Northern Bald Ibis population Sarah Wirtz.
Conservation Genetics, 19(4), 853–864. https://doi.org/https://doi.org/10.1007/s10592-018-1059-6

Wünschmann, A., Armién, A., Khatri, M., Martinez, L., Willette, M., & Glaser, A. (2017). Ocular lesions in Red-Tailed Hawks
(Buteo jamaicensis) with naturally acquired west nile disease. Vet Pathol, 54(2), 277–287.

Ziegelberger, G. (2009). ICNIRP Statement on the "guidelines for limiting exposure to time-varying electric, magnetic and
electromagnetic �elds. Health Physics, 97(3), 257–258. Retrieved from
http://www.icnirp.org/cms/upload/publications/ICNIRPStatementEMF.pdf

Tables
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Figures

Figure 2

Intensity of the one-eye opacity symptomatology at discovery in �ve categories, depending on the degree of opacity of
the cornea, from small-scale opacity, where the iris and pupil is entirely sharp recognizable (state 1, left) to a complete
clouding of the cornea, where the iris and pupil are no longer clearly visible (state 5, right).Picture Copyright:
Waldrappteam, LIFE Northern Bald Ibis.
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Figure 4

Juvenile Northern Bald Ibis in a characteristic sleep and rest position with the head on the back, the bill between the
wings and one eye very close to the GPS device. Picture Copyright: Waldrappteam, LIFE Northern Bald Ibis.
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Figure 5

Northern Bald Ibis of the Spanish reintroduction project, ProjectoEremita, with the same UCO as in the migratory
population of the Waldrappteam. Picture Copyright: Miguel Quevedo, Zoobotánico, Jerez.
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Figure 7

Human-raised juvenile Northern Bald Ibis during a �ight accompanied by the microlight. The picture is taken out of a
slow motionvideo. It shows permanent moving feathers along the posterior body, indicating an increased drag and
separation of the boundary layer. Picture/movie Copyright: Waldrappteam, LIFE Northern Bald Ibis.
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