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ments and behaviours of a broad range of animals. Considering the acces-
sibility and increase in use of tracking devices in wildlife studies, it is important
to better understand the effects on these on animals.

. Our endeavour revisits a guideline established in 1988, which proposes that

bats may encounter body condition or health problems and alter their be-
haviour when carrying tags weighing more than 5% of their body mass.
Through a systematic literature review, we conducted a meta-analysis to identify
the impacts of tags on bats, including 367 papers from 1976 to 2023 that
discussed, mentioned, employed, or quantified tagging of bats.

.We noted that the proportion of studies exceeding the 5% rule has not

changed in recent years. However, the impact of tags was quantified in few
studies for behaviour (n=7) and body condition (n=10) of bats. We were
unable to assess whether tags weighing less or more than 5% of the bat’s
body mass impacted bats, but our meta-analysis did identify that tags, ir-
respective of mass, affect the behaviour and body condition of bats.

. Although the overall magnitude of measured effects of tags on bats was small,

progress has been made to advance our understanding of tag mass on bats.
Naturally, there is a bias in reporting of significant results, illustrating the need
of reporting results when there is no apparent effect of tags on bats. Our find-
ings highlight the need for rigorous reporting of behaviour and body condition
data associated with tagging of animals and illustrate the importance for studies
comparing how tracking devices of different dimensions and masses may impact
bat species to ensure research meets rigorous ethical standards.

INTRODUCTION since benefited from recent rapid advances in technologies,

greatly impacting ways in which scientists can study and
Wildlife is facing a difficult world in the Anthropocene understand the natural world. Indeed, tracking and moni-
(Otto 2018) and thus it is key to understand how they toring of wildlife has provided invaluable information on
interact with their environment. This understanding started many research topics across the tree of life—from advanc-
with simple behavioural observations decades ago and has ing our knowledge of behaviour and movements of marine
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animals (e.g. Hussey et al. 2015) to terrestrial animals
(e.g. Kays et al. 2015). The resulting information has
revolutionised our understanding of how animals interact
with other animals and with their environment, which
aids development of sound decision-making and conserva-
tion strategies (Pimm et al. 2015). During these techno-
logical advances, it is increasingly important to ensure
that tracking devices do not alter behaviour and that high
standards of animal welfare are maintained.

Tracking devices have decreased in mass and size, al-
lowing for a broader array of animals to be monitored
(Kays et al. 2015). For instance, GPS tracking devices have
seen a significant decrease in mass from 250g down to
1g in just over 30years (Kays et al. 2015). Further, recent
advances have led to some GPS devices now weighing
under 1g (e.g. Krainer et al. 2017). ATLAS tags with re-
verse GPS, for example, weigh as little as 0.8g (Toledo
et al. 2022) and 0.9-g tags have been successfully deployed
on bats (Roeleke et al. 2022). These advancements have
broadened the range of species that can be effectively
monitored, from large mammals such as elephants to small
animals such as hummingbirds (e.g. Kays et al. 2015).
Yet the size of the device still limits which animal species
can be safely monitored (Wikelski et al. 2007) as these
devices need to be appropriately fitted to ensure that
normal behaviours, and the wellbeing of the animal in
question, are not impacted (e.g. Aldridge & Brigham 1988,
Fenton et al. 2000).

Due to the small size of some bats, their cryptic habits,
and nocturnal flight, research on these animals has ben-
efited greatly from the use of tracking devices (Speakman
& Thomas 2003). However, it is difficult to attach devices
given the small size of bats, limiting the types of devices
and attachment methods available for use (O’Mara
et al. 2014). Further, increasing mass during foraging (e.g.
due to intake of food) results in an increase in frequency
of wingbeats (O’Mara et al. 2019). Therefore, externally
attached tags are expected to have the same or stronger
effects (Pennycuick et al. 2012). Still, the need to under-
stand the behaviour of these cryptic animals is of impor-
tance considering the threats they face (e.g. Arnett &
Baerwald 2013, Frick et al. 2020, Cheng et al. 2021),
resulting in many species listed as threatened by The
International Union for Conservation of Nature’s Red List
of Threatened Species (IUCN 2024). Thus, it is important
to understand limitations of tagging bats and establish
recommendations based on empirical evidence to balance
the tradeoff between animal welfare and conducting rigor-
ous and unbiased research that advances basic and applied
research of this taxon (Soulsbury et al. 2020).

Discourse about the mass that a bat can carry has been
around for decades. While some researchers have recom-
mended that devices should not exceed 10% body mass
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(Wilkinson & Bradbury 1988, Wilson et al. 1996,
Sikes 2016), the standard is that bats should not carry
devices heavier than 5% of their body mass (Aldridge &
Brigham 1988, Fig. 1). This guideline was based on the
study of manoeuvrability of a single bat species and was
suggested to be used for bats weighing <70g, following
a recommendation to use the calculation developed for
birds by Caccamise and Hedin (1985) for bats weighing
more than 70g. This is not broadly applicable as there
are more than 1400 species of bats, varying widely in
their wing morphology and foraging niche which likely
influences how much mass a bat can carry (Norberg 1994).
In addition, body mass of bats varies strongly over the
day, between movements, between seasons and during
reproduction (Weller et al. 2023). Further, external factors
that may affect the bat such as disturbance or resource
distribution cannot be teased apart from the effects of
tagging and the effect of drag produced by the device
(Kelling et al. 2024). Therefore, while the 5% guideline
appears straightforward in application, there is likely nu-
ance as to its effects on bats. For example, there may be
tradeoffs between tag mass and duration of attachment,
or threshold values may differ among foraging guilds, life
history stage, or for sensitive species (Fig. 1). O’Mara
et al. (2014) attempted to rectify this situation via a meta-
analysis to evaluate the 5% rule; however, they were unable
to source enough studies that quantified the impacts of
tag mass on bats. This illustrated a powerful message that
although devices are frequently used, their impacts on the
behaviour and body condition of bats are understudied.

Herein, we attempt to answer the question first posed
by Aldridge and Brigham (1988) with a more recent syn-
thesis conducted by O’Mara et al. (2014): are there negative
effects on the behaviour and body condition of bats when
attached tags exceed 5% of the mass of the bat? It has
now been more than 35years since the first attempt at
answering this question. During this period, technology
has advanced resulting in decreases in tag size and increases
in types of tags and attachment methods. Thus, following
similar methods as those used by O’Mara et al. (2014),
we undertook a systematic literature review across the
large body of publications focused on tagging and tracking
of bats attempting to quantify the effects of attaching tags
on bats with a meta-analysis. We designed our efforts to
develop a quantitative understanding of the number of
studies that evaluate (or do not evaluate) the 5% guideline,
and to gain a global understanding of current practices
in tagging bats. Our goal was to determine the measured
degree to which tags may or may not impact the behav-
iour and body condition of various groups of bats to
increase awareness of ethical considerations of this work
while advancing our understanding of bat behaviour and
ecology.
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Fig. 1. Depiction of the 5% guidance which illustrates the three-way interaction between relative tag mass, deployment time, and species sensitivity
to tag attachment and acceptable tradeoff of disturbance to animals for both intraspecific and interspecific levels. Note that sensitivity is not static
within species or even individuals. Figure is for illustrative purposes only and not based on existing data.

MATERIALS AND METHODS

Inclusion criteria

We conducted a systematic literature review following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) protocols (Moher et al. 2009,
Page et al. 2021) to compile publications that discussed
and/or tested the effects of attaching devices to bats. We
included studies: 1) statistically testing the impacts of de-
vices on bats based on quantitative variables describing
the status of bat species (e.g. behaviour, recovery); 2)
using devices on bats without testing impacts; and 3)
discussing the use of devices for bats based on the 5%
rule. We excluded studies: 1) using only passive integrated
transponder (PIT) devices, as they have very low mass
and are often the method used (along with bands/rings)
as a control relative to tags of greater mass; 2) proposing

or mentioning devices without using or testing on bats,
and 3) summarising data from literature reviews.

We based our systematic search on the database of
original tagging papers provided by O’Mara et al. (2014)
which included the collation of data from 223 publications
on the tracking of bats using a standardised literature
search in the Clarivate Analytics Web of Science (WoS).
We only included full texts from the O’Mara et al. (2014)
database that met our criteria (n=221). We performed
an additional search to include more recent studies, es-
pecially which account for more recent advances in tech-
nology. Thus, on 15 October 2022, we performed an
additional standardised literature search in WoS to sup-
plement the original search from O’Mara et al. (2014).
We used the following search string designed to target
new tracking technologies developed in the last eight years
(Search #1): ALL=(“bats” OR “bat” OR “Chiropter*”) AND
ALL = (“datalogger” OR “data-logger” OR “accelerometer”

4 Mammal Review (2024) © 2024 The Author(s). Mammal Review published by Mammal Society and John Wiley & Sons Ltd.
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OR “telemetry” OR “radio-telemetry” OR “Knowles micro-
phone” OR “altimeter” OR “tag” OR “geolocator” OR
“transceiver” OR “sensor” OR “collar” OR “on-board”).
Our search returned 1961 papers, of which 85 were pre-
viously captured by O’Mara et al. (2014) and thus were
already screened. We screened the remaining papers
(n=1876) for eligibility to be included in the review by
making independent selections based on titles and abstracts.
To test our selection criteria, two authors independently
classified the first 100 papers and we then calculated inter-
rater agreement using Cohen’s kappa. The value of kappa
was 0.8, above the standard threshold of acceptable inter-
rater agreement of 0.4 (Cohen 1960). As a result, we used
these criteria to screen the remaining papers based on their
titles and abstracts and discarded those (n=1691) that did
not address our key research questions. We then examined
the full text of the 185 references retained from the screen-
ing to determine if they addressed our research questions,
including 137 of those references in the final database.
Finally, we opportunistically included papers known to us
that were not captured in the initial search (n=9). This
resulted in a total of 367 studies in the final database.

Metadata extraction

Given the number of articles for review, we trained our
international team of experts on data extraction methodol-
ogy to ensure systematic reporting, and then a second person
assessed their data entries. More specifically, for all articles,
our team extracted the type of publication, year of study,
geographic and taxonomic scope, including family and genus
where applicable, wing loading, device type, and device mass
in relation to body mass of the bat (%).

When available, we collected all statistical tests used to
measure impact, their test statistic, degrees of freedom,
number of observations, P-value, and direction of effect.
When studies presented partial statistics, we contacted
corresponding authors of these studies to request the miss-
ing information. We converted all test statistics within
each study that measured the impact of devices on a bat
to Pearson’s r (Lajeunesse 2013)—a measure of effect
(ranging from 1.0 to —1.0)—which expresses the strength
and direction of a given linear association between a pre-
dictor and response variable.

From the literature where testing occurred, we documented
the following measures which compared impacts of different
masses of devices (untagged or light mass compared to
heavy mass tag) on: emergence time, flight distance, flight
duration, foraging time, night activity, manoeuvrability, roost
use, body condition index (BCI), body mass, percent (%)
body condition, and pup condition. From the documented
responses of bats to tags, which varied across studies, we
identified two response categories for the purpose of analyses

Ten more years of bat tracking

and visualisation: behaviour (emergence time, flight distance,
flight duration, foraging time, night activity, manoeuvrabil-
ity, roost use) and as a proxy for body condition (body
condition index (BCI), body mass [denoted by letters a—f
below in ‘Definition of extracted estimates as provided within
associate studies’ for interpretation of results of the meta-
analysis for body condition], percent (%) body condition,
pup condition, and pup mass). The curated literature da-
tabase supporting this study is available on Zenodo (https://
doi.org/10.5281/zenodo.11183572). R code to reproduce the
analyses is available on GitHub (https://github.com/melis
sameierhofer/Meta-5-Rule.git).

Definition of extracted estimates as provided
within associated studies

BEHAVIOUR

Emergence time was the time at which a bat leaves from
the roost (Fenton et al. 2000). Flight distance was meas-
ured as the furthest distance travelled from the roost
whereby the relative transmitter loading (transmitter mass/
body mass) was tested (Entwistle et al. 1997). Flight dura-
tion was measured as the time spent outside of the roost
(Goldshtein et al. 2020). Foraging time was defined as
the total amount of time spent foraging each night (Barclay
et al. 2000). Manoeuvrability was defined as the minimum-
negotiable interstring distance as measured in a flight cage
with an arrangement of strings at varying distances (Aldridge
& Brigham 1988). Night activity (activity through the
night) was measured as hourly capture rates conducted
during the first 3h of the evening (Chruszcz &
Barclay 2003). Roost use was measured as the time spent
within 0.5km of the roost (Entwistle et al. 1997).

BODY CONDITION

Body condition index (BCI), measured as mass/forearm
length, of hibernating bats captured 55days post device
attachment compared to newly captured hibernating bats
(Jonasson & Willis 2012). Body mass change (body mass
[a, b]) was defined as the change in body mass (i.e. with-
out tag mass) between capture and recapture at the same
time of day with tags still attached, including instances
where previously tagged bats were recaptured without their
tag (Roeleke et al. 2016, Voigt et al. 2020). Mass loss
(body mass [c]) was controlled for by the number of
days tracked, with a comparison between a lightweight
telemetry and heavier GPS tagged bat (Hurme et al. 2019),
(body mass [d—f]) was compared for telemetry or GPS
tagged bats, and was controlled for time period a device
remained on the bat (d), or was controlled for time since
first capture and estimated loss of weight per day (e, f)

Mammal Review (2024) © 2024 The Author(s). Mammal Review published by Mammal Society and John Wiley & Sons Ltd. 5
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(Egert-Berg et al. 2018). Percent body condition was de-
fined as the percent loss of condition between surveys,
with radio-tagged bats compared to bats without tags
during the same period (Park et al. 2000). Pup condition
was calculated as mass/forearm length and was compared
to pups whose mothers were either telemetry or GPS
tagged (Hurme et al. 2019). Pup mass was measured as
the mass loss from before lactating females were tagged
to after the study period (Egert-Berg et al. 2018).

Meta-analysis

Where available, we extracted estimates from studies test-
ing the overall effect of devices on bats, allowing us to
conduct a meta-analysis to understand the direction and
magnitude of the effect of the tag on bats. We conducted
this meta-analysis in R 4.1.0 (R Core Team 2021) with
the R package metafor 2.4.0 (Viechtbauer 2010). We con-
structed a meta-analytic linear mixed-effects model (meta-
for: rma.mv) for behaviour and body condition to assess
the extent to which devices impact bats. For each model,
we specified a publication-level nesting factor to account
for non-independence as both models contained papers
where multiple estimates were extracted. We converted
Pearson’s r to Fisher’s z to approximate normality for
each model (Rosenberg et al. 2013), and back transformed
to Pearson’s r for visualisation. We interpreted model-
derived estimates of Pearson’s r as the magnitude of the
standardised effect. We considered it significant when the
95% confidence interval did not overlap zero.

We evaluated publication bias using the fail-safe number
analysis (metafor: fsn). We used Rosenthal’s method
(Rosenthal 1979, Rosenberg 2005) to calculate the number
of studies. We averaged the negative results that would
need to be added to the given set of observed outcomes
to reduce the combined significance level to alpha level
0.05. We found no evidence of publication bias (Table 1).

RESULTS

Summary statistics

In total, 367 studies were entered into the final database.
Of those, 321 studies (87.5%) reported the percent mass
of the device (either exact or indicated greater/less than
5%) and 46 studies (12.5%) did not. Among those
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reporting percent mass, 184 studies (57.3%) reported some
or all bats tagged exceeding 5%, and 137 studies (42.7%)
<5%. From studies reporting percent mass before and
including the year of publication of O’Mara et al. (2014)
(=206, 1999-2014), 114 studies (55.3%) reported some
or all bats tagged exceeding 5%, and 92 studies (44.7%)
<5%. From studies published after O’Mara et al. (2014)
(n=80, 2015-2022), 46 studies (57.5%) reported some or
all bats tagged exceeding 5%, and 34 studies (42.5%) <5%.

Tagging and tracking studies predominantly occurred in the
Nearctic (31.7%) and Palearctic (30.6%) biogeographic regions,
with 14.8% studies from the Neotropical region and 14.2%
from the Australasian region (Fig. 2a). Limited studies occurred
both in the Indomalayan (4.8%) and Afrotropical (3.8%) re-
gions. Over time, the number of studies exceeding 5% did
not significantly differ from those <5%, although a downward
trend is apparent (Fig. 2b,c). When considering Very High
Frequency (VHF) devices only, significantly fewer studies ex-
ceeded 5% (GLM (n=24): —0.06+0.02, P=0.007).

VHF devices were the most common type of device
being used in 268 studies (82.8%), followed by GPS (7.5%,
25 studies) and microphones (4.0%, 13 studies) (Fig. 2d).
All other device types documented from studies accounted
for <2% in the literature (Fig. 2d). Of the number of
times that VHF devices were used in studies, 56.0% (150
out of 268 studies) exceeded the 5% guidance, followed
by GPS (60.0%, 15 out of 25 studies) and microphones
(46.2%, six out of 13 studies) (Fig. 2d).

Vespertilionidae were the most common family tagged
in 200 studies (60.2%), followed by Pyllostomidae
(12.7%, 42 studies), Pteropodidae (12.0%, 40 studies),
Rhinolophidae (3.6%, 12 studies), and Molossidae (3.3%,
11 studies) (Fig. 2e). All other families used in tagging
and tracking studies accounted for <2% in the literature.
Of the number of times that Vespertilionid bats were
used in studies, 63.0% (126 out of 200 studies) exceeded
the 5% guidance, followed by Pyllostomidae (54.8%,
23 out of 42 studies), Molossidae (54.5%, six out of
11 studies), Rhinolophidae (41.7%, five out of 12 stud-
ies), and Pteropodidae (40.0%, 16 out of 40 studies)
(Fig. 2e).

Meta-analysis

We identified 12 studies with 17 estimates that quantified
the impacts of tracking devices on bats, which represents

Table 1. Estimated model parameters and evaluation of publication bias using the fail-safe number

Response Sample size (# studies) Beta (SE) 95% Cl (ub to Ib) z P Fail-safen P
Behaviour 7 (6) —-0.424 (0.149) -0.133t0 -0.715 -2.857 0.0043 356 <0.0001
Body condition 10 (6) —-0.378 (0.050) -0.280 to -0.477 -7.500 <0.0001 131 <0.0001

6 Mammal Review (2024) © 2024 The Author(s). Mammal Review published by Mammal Society and John Wiley & Sons Ltd.



M. B. Meierhofer et al.

(a) e ——

Nearctic “

Ten more years of bat tracking

Palearctice : —

S/lﬂqoin/a_lz?lan‘
W% : v
— / o \: N &
‘ ¢
€ | e > 5
| Afrotropical o N = <z;:
‘ \ .
\ “ h Not reported

- Neotropical._

118
e

Number of studies

Australasian

0.8

(=4
=}

o
'S

Proportion > 5 percent (%)

(d) (e)
150 150 126
N 100
2100 4
=
[
3
o
4 50
w 50
23‘9 24
15, , ;
020-2'216 So00ttot010 010-_422 __anloiooii cm2o
v O & ¢ £ & & & @ & ] NS
O S RN SR S SO P o3P R R R R R R R
& F I S & Ny S 0 FES Q}\b &S Q@ NS
S &P KX P 6c>° \\°o\ oé‘\\
& VW @ N @S & oF & S Q\ D
N g SRS S P @ S @06‘ e‘\o@ L
& & W R Qbs \@V\.o \\@\ooQ
> rS ) K X SN Ny S TR S &
B 2 ©Q O £ N Q‘ N
I & KL @ &
& = <&
&
S

Fig. 2. Spatial and temporal trends in using devices for bat research. (a) Global trends in tracking research depicted as the proportion of studies
exceeding the 5% tagging rule in our dataset by biogeographical realm. Pie chart size represents the number of studies. Proportion of studies
exceeding the 5% guideline in our data set by (b) year (1976-2023), (c) per year between 1999 and 2022 (partial data up to October 2022, n=286
studies), with the line fitted using a binomial generalised linear model, (d) device type, and (e) family. Dotted lines in panels (b) and (c) represent the
year O'Mara et al. (2014) was published. The criteria >5% includes all studies where ‘all" animals or ‘some’ (at least one) had devices >5% body mass

(n=184 studies).

3.3% (12 out of 367 studies) of studies. We collected es-
timates from 11 species of three families (see Table 2 for
a full description of descriptive data). Testing of devices
occurred primarily on Vespertilionidae (14 out of 17 esti-
mates), with two estimates from a study focused on Sturnira
lilium and Leptonycteris yerbabuenae (Phyllostomidae) and
one estimate from a study on Rhinolophus ferrumequinum
(Rhinolophidae) (Table 2). As hypothesized, tracking devices
have some degree of impact on most measures of behaviour

and body conditions examined (Fig. 3). For behaviour, all
measures were tested once. Within the category of body
condition, mass change was measured most often (six es-
timates), with only BCI, % body condition, pup condition,
and pup mass measured once each. Within the category
of behaviour, emergence time was delayed, and flight dis-
tance, foraging time, roost use, manoeuvrability, and night
activity were reduced, whereas flight duration was increased.
For body condition, all variables were reduced except pup
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Table 2. Descriptive information of species from studies where tags were tested on behaviour or body condition of the bat. Body mass (g), wing aspect
ratio, and wing loading gathered from Rhodes (2002) for M. moluccarum and Norberg and Rayner (1987) for all other species. Body mass in paren-
theses represents values extracted from citation and reported either as mean or min—-max. N.R.: Not Reported. BCI: Body Condition Index. Tag mass

(g) reported in the study either as minimum-maximum or as a specific mass

Wing
Taxonomic Tag mass aspect Wing loading,
Category tested information Geography Body mass (g) (g) Foraging guild ratio  Mg/SNm=2  Citation
Emergence time Sturnia lilium Neotropical 15.0 0.47 Frugivore 6.5 12.2 Fenton et al. (2000)
(13.0-15.8)
Flight distance Plecotus auritus Palearctic 9.0 0.65 Gleaner/aerial 5.7 71 Entwistle et al. (1997)
hawker
Flight duration Leptonycteris Neotropical 5.9 (6.0) N.R. Nectarivorous 5.9 10.6 Goldshtein
yerbabuenae et al. (2020)
Foraging time Myotis moluccarum  Australasian 10.6 N.R. Trawler 6.1 7.5N/m? Barclay et al. (2000)
Manoeuvrability Myotis yumanensis ~ Nearctic 5.2 (6.0) N.R. Aerial hawker 6.3 7.8 Aldridge and
Brigham (1988)
Night activity Myotis evotis Nearctic 7.3(6.3-8.4) 0.54 Gleaner 6.0 6.1 Chruszcz and
Barclay (2003)
Roost use Plecotus auritus Palearctic 9.0 0.65 Gleaner/aerial 5.7 7.1 Entwistle et al. (1997)
hawker
Body condition index  Myotis lucifugus Nearctic 7.1 0.64-0.8 Aerial hawker 6.0 7.5 Jonasson and
(mass/forearm (hibernating Willis (2012)
length) in study)
Body mass (a) Nyctalus noctula Palearctic 26.5 3.8-4.5 Aerial hawker 7.4 16.1 Voigt et al. (2020)
Body mass (b) Nyctalus noctula Palearctic 26.5 (32.0) 3.4-4.2 Aerial hawker 7.4 16.1 Roeleke et al. (2016)
Body mass (c) Myotis vivesi Neotropical 25.0 4.4-4.7 Trawler 7.4 9.0 Hurme et al. (2019)
(29.4-38.3)
Body mass (d) Myotis myotis Palearctic  26.5 4.3 Gleaner 6.3 1.2 Egert-Berg
et al. (2018)
Body mass (e) Myotis vivesi Neotropical 25.0 43 Trawler 7.4 9.0 Egert-Berg
et al. (2018)
Body mass (f) Myotis myotis Palearctic  26.5 4.3 Gleaner 6.3 1.2 Egert-Berg
et al. (2018)
% body condition Rhinolophus Palearctic  22.6 1.3-1.8 Aerial hawker 6.1 12.2 Park et al. (2000)
ferrumequinum
Pup condition Myotis vivesi Neotropical 25.0 4.4-4.7 Trawler 7.4 9.0 Hurme et al. (2019)
(29.4-38.3)
Pup mass Myotis vivesi Neotropical 25.0 43 Trawler 7.4 9.0 Egert-Berg
et al. (2018)

mass, which increased when devices were attached to their
mothers. Results of the meta-analysis suggest that devices
on bats had an overall negative impact on bats for both
behaviour and body condition (Fig. 3). However, we in-
terpreted the meta-analysis with caution due to the low
fail-safe n (Table 1).

DISCUSSION

We revisited the 5% rule for tagging of bats established
in 1988 (Aldridge & Brigham 1988) to understand whether
progress has been made since the first systematic evalu-
ation by O’Mara et al. (2014). Whereas a meta-analysis
was not possible at the time for O’Mara et al. (2014),
our systematic literature review with 10 additional years
of published data enabled us to evaluate the magnitude

and direction of effect of devices on aspects of behaviour
and body condition of bats. Further, we were able to
understand any differences in trends in attaching devices
>5% before and after the time of publication of O’Mara
et al. (2014), noting that VHF devices are the most used
and that tagging and tracking studies commonly use ves-
pertilionid bats. In both cases, studies using VHF devices
and studies using vespertilionid bats commonly exceeded
the 5% guidance. This is important to note as overall,
devices do impact the behaviour and body condition of
bats, but caution should be taken when interpreting these
results. Only 17 estimates from 11 species in three families
were available from the literature for the meta-analysis,
highlighting the need to conduct more testing of the im-
pacts of devices on bats and for the rigorous reporting
of statistics. It is commonplace to report significant results
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Fig. 3. Estimates of the effect size from the meta-analysis of the impact of tracking devices on Behaviour (bold) and body condition (bold), expressed
as standardised Pearson’s r and the upper and lower 95% confidence interval (Cl). See Table 1 for model estimates and P values. Points without Cls
represent the observed estimates from individual studies. Emergence time is the test statistic from a study where animals were tagged under 5%; all
other test statistics were taken from studies where some or all bats were tagged >5%. Letters represent data defined within the same category (body
mass). Please see the section ‘Definition of extracted estimates as provided within associated studies’ for more information about the estimates for

Behaviour (n=7) and Body condition (n=10).

of analyses and relatively uncommon to report statistics
associated with nonsignificant or neutral findings, which
in this case, are important for understanding the impact
of devices on the behaviour and body condition of bats.
Anecdotal information on the impacts of bats was oc-
casionally given in the form of a sentence, e.g., stating
that no behavioural changes were noted between tagged
and untagged individuals, usually without providing data
in support of this observation. Due to limited data, we
were unable to explore differences that are inherent across
bat  species resulting from their morphological
differences.

Our data do suggest that there are potentially highly
variable responses to devices attached to bats, both within
the same measure (e.g. body mass), and responses across
behaviours (e.g. emergence time, foraging time) (see Fig. 3).
Indeed, the effects of devices on bats may be highly vari-
able and dependent on factors both associated with the
device and with the animal being studied, as was concluded
for birds (Burger & Shaffer 2008) and suggested for bats
(Aldridge & Brigham 1988). For example, the duration
of the device attachment is an important factor to control
for in studies measuring impacts of devices on bats, as
this may impact the variable (e.g. body mass) being studied
depending on when the measure is collected (Kelling
et al. 2024). Thus, it is important to carefully consider
factors being accounted for and measured, and the sys-
tematic data collection of these factors within studies
(Cleasby et al. 2021). Finally, from the estimates that were
extracted from studies, only two estimates were statistically
significant: time of emergence for Sturnira lilium (Fenton
et al. 2000) and manoeuvrability of Mpyotis yumanensis
(Aldridge & Brigham 1988, see Fig. 3 and Table 2). Thus,

while devices impact the bats as depicted in our meta-
analysis, the overall magnitude of the impact may be
negligible in terms of its potential to significantly affect
the behaviour or body condition of the studied
individuals.

Considering additional factors that may
impact the measured effects of devices on
bats

Of course, there are additional factors of consideration
when understanding and testing for the potential impacts
of devices on bats. Anthropogenic disturbance, for instance,
may underlie some of the measured effects of devices on
bats (Kelling et al. 2024). In a study on the emergence
of Nyctalus noctula (Voigt et al. 2020), body mass changes
were also noted for untagged bats, which suggests that
the disturbance associated with the capturing and handling
of bats, regardless of being tagged, might be a confound-
ing factor causing (or adding to) any tag effects. This
underscores the need to conduct studies which compare
the impacts of tagged versus untagged bats, specifically at
the same time of the day. In GPS studies, initial capture
is often done early in the morning, e.g., by using bats
from artificial bat boxes, while bats are recaptured when
emerging. Body mass differences are then affected by daily
weight losses. Nonetheless, the measured impact of tagging
of bats is of importance as over the last 23years, only a
non-significant downward trend in the proportion of stud-
ies exceeding the 5% rule was revealed. Thus, roughly
half of the work published on tagging bats includes some
or all bats with tags exceeding the previously conservative
5% threshold suggested by Aldridge and Brigham (1988)
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and suggests that no real changes have been made since
O’Mara et al. (2014). However, when analysing studies
only using VHF devices, the downward trend was signifi-
cant, likely reflecting advances (i.e. reductions in the size
and weight of devices) in technology. Nevertheless, our
exploration has advanced the recent work of O’Mara
et al. (2014). Through measuring the impacts of tags on
behaviour and body condition of bats via a meta-analysis,
we identified what responses are being measured when
testing devices and illustrated where further research is
needed to better the tagging guidance.

Advances in technology and the design of
future studies of tagging and tracking of
bats

Overall, the lower margin of used tag mass has declined
in recent years (Kays et al. 2015), due to improved bat-
tery technology and lesser energy demands of new designed
hardware. This facilitates the broadening of research en-
deavours and species that can be studied. In our dataset,
we identified that VHF devices were the most used devices,
which is not surprising as they have been used in research
since the 1960s (Cochran et al. 1965) and have continued
to reduce in size. However, under certain scenarios, it
may be justifiable to attach tags exceeding 5% of bat
body mass given the scientific and conservation value of
the study (see Fig. 1). Such studies have often resulted
in forwarding our knowledge of bat behaviour and ecol-
ogy. Yet, given the current limited knowledge on the effects
of tags exceeding 5% of a bat’s mass, it is recommended
to minimise the time that tags of this size are attached
(Kelling et al. 2024).

Despite technological advances, however, development
and reassessment of acceptable mass of devices to attach
on bats are still lacking in published literature for both
laboratory and field studies (see also O’Mara et al. 2014),
hindering the ability to understand more thoroughly the
short- and potentially long-term impacts of different tags
on bats (Fenton 2003, but see Melber et al. 2013). Although
these data are not always accessible from studies, this
information is sorely needed at the species level or, at
least according to foraging guild and wing morphology.
Broad-winged, manoeuvrable gleaners differ profoundly
from narrow-winged, fast-flying open-air foragers in their
flight performance and behaviour. For example, a large
wing area is generally advantageous for a bat carrying an
extra load, such as a pup (Norberg & Rayner 1987). Thus,
one could hypothesize that tag mass may differentially
impact species based on morphology, especially related to
the wing shape and foraging niche. Manoeuvrability was
impacted when tag mass exceeded 5% for a manoeuvrable
species with around 6.45 wing-aspect ratio (Aldridge &
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Brigham 1988), but the degree of this impact across dif-
ferent foraging guilds and different tag masses has yet to
be explored. Further, differences in life history status of
the tagged bats within a species should also be considered
variables in this endeavour to identify the impacts of tags
on bats. For example, different reproductive states require
different energy intakes (Speakman & Racey 1987, Kurta
et al. 1989) and alter the baseline mass of the animal.
Similarly, age or more difficult to assess parameters, such
as parasite loads, or food availability could have an effect.
Theoretically, both an increase in the relative tag mass
and deployment time are associated with an escalation in
behavioural changes and furthermore, health issues as
exemplified in Fig. 1. A tag with a higher relative mass
attached for a short duration of time can therefore be
expected to have similar cumulative impacts as a lighter
tag attached for a longer duration. Moreover, the attach-
ment method (e.g. glue, suture, collar), shape, or placement
on the body might have unintentional consequences (e.g.
Curk et al. 2021, Longarini et al. 2023). Thus, it is im-
portant to take caution and minimise any impacts imposed
by the tag (see Kay et al. 2019). As some species are
more susceptible than others to the negative effects of
increased tag mass, it may be plausible that perhaps only
certain individuals or species are meaningfully impacted
when tag mass exceeds 5% of body mass (i.e. in birds
the standard is 3% as in studies that exceeded the threshold
documented extended trip durations, a high rate of nest
desertion, or both; Phillips et al. 2003). Taking these vari-
ables into account, designing studies on bats using tags
requires assessing a three-way interaction between relative
tag mass, deployment time and species sensitivity (e.g.
low vs. high aspect ratio) and individual sensitivity (non-
reproductive vs. pregnant or lactating) to tag attachment
(Fig. 1).

A call for systematic data reporting in
tagging and tracking studies

Aldridge and Brigham (1988) initially provided recom-
mendations for attaching devices to bats, and O’Mara
et al. (2014) reviewed the past 50years of literature to
understand device attachment, use and changes in guide-
lines, and any fitness or health impacts due to devices.
Despite the decade since O’Mara et al. (2014), our en-
deavour found that the reporting of bat (e.g. mass) and
device information is still not systematic even though
O’Mara et al. (2014) encouraged that these data be re-
ported systematically. Depending on the goal of the re-
search, body mass is not always reported. If body masses
are reported, masses might not be reported at individual
level which precludes the ability to understand the effects
of tags on different ages, sexes, and reproductive classes.
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Nonetheless, 87% of papers stated whether the percent
body mass of the tag on the bat exceeded 5%, or provided
the calculated percentage for the individual, thus demon-
strating the impact of Aldridge and Brigham (1988) rec-
ommendation despite the underlying information
originating from a single species in a laboratory setting.

We conclude from our study that more information is
needed on the potential impacts of tags on the behaviour
and wellbeing of bats. Our systematic literature review
precluded our ability to weigh the pros and cons of <5%
to >5% tags, similar to findings reported by O’Mara
et al. (2014). Therefore, we plead for the systematic re-
porting of the following parameters either in the manuscript
or in the supplemental material: mass and dimension of
the tags, attachment method (e.g. collar, skin glue), in-
dividual body masses in relation to tags attached, time
of year of tag deployment and recapture, duration of tag
deployment, information about whether or not tags were
removed when inactive, and reporting on health issues
(e.g. inflammations at the site of tag deployment, Soulsbury
et al. 2020). As technology advances to allow for a breadth
of new research avenues, understanding how these new
devices may impact bats, and to what degree, will be
important for the justification of gathering new informa-
tion for conservation efforts. While these data are not
always important for the study at hand, they are nonethe-
less important for our continued pursuit in understanding
potential impacts of tagging on bats.
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