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Mammals show faster recovery from capture
and tagging in human-disturbed landscapes

A list of authors and their affiliations appears at the end of the paper

Wildlife tagging provides critical insights into animal movement ecology,
physiology, and behavior amid global ecosystem changes. However, the stress
inducedby capture, handling, and tagging can impact post-release locomotion
and activity and, consequently, the interpretation of study results. Here, we
analyze post-tagging effects on 1585 individuals of 42 terrestrial mammal
species using collar-collected GPS and accelerometer data. Species-specific
displacements and overall dynamic body acceleration, as a proxy for activity,
were assessed over 20 days post-release to quantify disturbance intensity,
recovery duration, and speed. Differences were evaluated, considering
species-specific traits and the human footprint of the study region. Over 70%
of the analyzed species exhibited significant behavioral changes following
collaring events. Herbivores traveled farther with variable activity reactions,
while omnivores and carnivores were initially less active andmobile. Recovery
duration proved brief, with alterations diminishing within 4–7 tracking days
formost species. Herbivores, particularlymales, showedquicker displacement
recovery (4 days) but slower activity recovery (7 days). Individuals in high
human footprint areas displayed faster recovery, indicating adaptation to
human disturbance. Our findings emphasize the necessity of extending
tracking periods beyond 1week and particular caution in remote study areas
or herbivore-focused research, specifically in smaller mammals.

Wildlife movement studies are essential for understanding animal
behavioral responses to global environmental changes, sustaining
ecosystem functioning, and successful nature conservation1. Animal
movements are pivotal in shaping biodiversity patterns and connect-
ing habitats2–4. Comprehending the far-reaching anthropogenic influ-
ence on movements is therefore paramount to effective land use
planning and conservation strategies5. In wildlife research, GPS tele-
metry is increasingly applied to study animal movement ecology6,7.
Current devices track individual movements at unprecedented levels
of spatial and temporal precision. Beyond high-resolution motion
tracking, modern technology allows for a variety of sensors to be
attached to animals, pushing animal tracking into the realm of Big
Data7–9 and providing researchers with information not only of ani-
mals’ whereabouts but also offering insights into for example their
activity patterns, derived from accelerometers10. Such sensors

measure static and dynamic acceleration, representing animal move-
ment in three dimensions11 and allowing for the quantification of
activity or proxies thereof12–15. Onewell-established proxy is the overall
dynamic body acceleration (ODBA), which estimates activity-related
energy expenditure of free-ranging animals16,17.

While tracking devices have enabled researchers to collect
invaluable data on animalmovements and behavior18 and have yielded
considerable scientific and conservation benefits5,19, concerns have
been raised about potential adverse effects of these devices on study
animals20–23. Deploying telemetry sensors on animals involves captur-
ing, handling, and releasing the focal individual24,25. The effects of
physical capture, chemical immobilization, and restraint of animals on
possible post-release behavioral modifications are, however, under-
studied inwildlife species, whichmay affect the welfare of animals and
the interpretation of study results (but see: refs. 26–28). The capture
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and handling process involves several stress-inducing and physically
demanding events that are attributable to human presence and may
involve sudden or loud noises, social isolation, limitedmovement, and
impaired vision29–31. The use of neurologically active chemicals can
affect animal behavior and movement for several days25,32, ultimately
triggering behavioral changes33–35. These behavioral changes can
negatively affect home range formation and activity patterns26, body
condition32,36,37, and even reproductive success and survival38,39.

In long-term deployments of GPS tracking devices over several
months or years, omitting data from the initial days post-capture is
common to reduce the chances of biased results driven by capture
effects. However, this assumes that animals will have adapted to the
attached sensor after this period. Yet, a lack of data exists on the
response and recovery of animals to capture and how it varies among
species. In contrast, for short-term deployments of several days (e.g.,
bats or flying foxes), the effects of stress from the collaring process on
animal behavior and activity, in addition to the physical impairment
effects due to the tag weight40, may result in biased findings with
animals having insufficient time to recover. Considerable strides have
beenmade in reducing stressduring capture and improving theweight
and comfort of devices35. However, effectively evaluating and mini-
mizing adverse collaring impacts remain complex tasks that demand
increased research attention41. A few studies have examined the effects
of collar deployment procedures and tags on animal behavior (see,
e.g., refs. 42,43), but general ethical guidelines for acceptablepractices
regarding attached devices remain unresolved44. Furthermore, there is
a notable absence of protocols for handling data during the initial
tracking days due to uncertainty surrounding the duration over which
animal-borne tracking devices impair individuals. Compounding this
challenge is the difficulty in determining and evaluating ’normal’
behavior22, with only a limited number of case studies attempting this.
In captive scimitar-horned oryxOryx dammah, Stabach et al.43 showed
elevated stress hormone levels for up to 5 days and behavioral changes
(e.g., increased headshaking) for up to 3 days in collared individuals.
Van de Bunte45 found that collared red pandas Ailurus fulgens in cap-
tivity reduced daily activity levels and food intake compared to non-
collared individuals. In free-ranging red deerCervus elaphus, Becciolini
et al.46 found increased movement rates and avoidance of their center
of activity for up to 10 days, likely reflecting recovery from effects of
the deployment procedure. In Eurasian beavers Castor fiber, the body
mass of dominant individuals decreased considerably with repeated
capture events47. American black bears Ursus americanus tended to
avoid human presence after capture events48. Similarly, roe deer
Capreolus capreolus reduced activity and were displaced towards
woodland to avoid human disturbance. These behavioral changes
decreased during the first 10 days, with females being less sensitive
than males26.

The effects of capture (e.g., helicopter dartingor capture, chasing,
trapping) on animal behavior can vary widely across species, sex, tag
size, and type, deployment duration, the specific deployment proce-
dure, or the environment22,26,44,49. Species differ in stress responses,
especially throughout the initial days of tracking, and the time taken to
return to their normal behavior31,37. Notably, animals living in anthro-
pogenic landscapes adapt their space use and become more tolerant
to human disturbances50,51. As such, the effects of deployment proce-
dures likely differ between individuals who are behaviorally adapted to
different levels of human proximity. In a meta-analysis, Samia et al.52

found populations habituated to human stressors to be more tolerant
towards human disturbance. Consequently, since movement53 and
behavior54,55 change with human proximity, we expect altered
responses to capture and immobilization. In this study, we aggregated
high-resolution GPS tracking and acceleration (ACC) data from 42
terrestrial mammal species over time from capture to quantify the
magnitude and duration of collaring impacts on movement activity.
We developed three measures to quantify disturbance effects based

on individual movement characteristics and activity (Fig. 1). First, we
quantified disturbance intensity to assess changes in daily displace-
ment and activity (measured as ACC/ODBA) by calculating the sumof
deviations for each of the initial ten tracking days from the sub-
sequent 10-day average. Second, we calculated recovery speed,
reflecting an individual’s adaptability during the first 10 days, using
the slope of the disturbance intensity curve on day one. Third, we
calculated recovery duration using the time when each individual
returned to their long-term average for each behavioral metric. Even
though anesthesia dosage is calculated per kilogram, we assume that
larger mammals experience a more pronounced disturbance, as they
often require longer durations of anesthesia24 and face more sub-
stantial physiological challenges during immobilization such as
hyperthermia56 compared to smaller mammals. This prolonged
exposure can lead to more significant physiological and behavioral
disruptions. In contrast, owing to their higher energy requirements
relative to their body size, smaller mammals need to be consistently
more active.

Capturing and tagging animals acts as a manipulative experi-
ment, enabling us to investigate how animals respond to such dis-
turbances. Beyond data exclusion considerations, such studies allow
for the exploration of various hypotheses related to patterns in the
behavioral responses of animals. We hypothesize that responses to
capture are not only species-specific but may also encompass
broader patterns driven by distinct traits. Due to their reproductive
roles, we expect females to exhibit heightened sensitivity and more
gradual recovery. We also assumed that dietary requirements
are reflected in the responses, as herbivores may be more flexible in
finding forage, allowing them to find shelter to recover. In contrast,
carnivores need to roam continuously for survival and are evolu-
tionary less adapted to being hunted, potentially making them more
susceptible to prolonged impairment. By comprehensively examin-
ing this aspect, we expect the diet to influence the duration and
intensity of an individual’s impairment. Furthermore, we were par-
ticularly interested in whether animals in remote areas with fewer
anthropogenic influences recover slower because individuals are less
adapted to human disturbances.

In this work, we quantified the overall disturbance impact of
capture across terrestrial mammal species, including assessing the
time required for recovery and identifying periods most affected,
which could bias the interpretation of results if not adequately
accounted for. More than 70% of the species analyzed showed beha-
vioral changes following collaring events. Herbivores traveled larger
distances, while omnivores and carnivores were less active andmobile
during the initial days post-release. Recovery duration proved brief,
with alterations diminishing within 4−7 tracking days formost species,
with individuals in high human footprint areas displaying faster
recovery, indicating adaptation to human disturbance.

Results
Disturbance intensity
Among the 42 terrestrial mammal species analyzed, 30 were sensitive
to the collaring procedure and significantly changed their activity or
displacement behavior during the first 10 days after release (Fig. 2,
Table 1, Figs. S1–S30). In total, we found that 25 of 41 species increased
or decreased their activity, and 19 out of 40 species changed their
displacements during thefirst 10 days of tracking (Fig. 2, Table 1).While
within-species variability was high (pIDGPS

and pIDACC
<0:001), sex did not

significantly influence species-specific reaction behavior (psexGPS
and

psexACC
>0:05). On the first day of tracking, individuals were, on average,

less active compared to their long-term mean (−7.8 ± 19.2%; mean ±
SD), whereas daily displacementswere higher (6.9 ± 23.8%;mean ± SD),
with large SD attributed to strong intra- and interspecific variability.
Net deviations, i.e., absolute deviations on the first day, were 14.2 ± 15%
for activity and 18.7 ± 16.3% for displacements. The activity level of
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25 species differed substantially immediately after release compared to
subsequent days, with a gradual stabilization during the initial days
(Table 2). This trend was particularly evident in omnivores (R2 = 0.374,
Dev. explained = 46.4%). While omnivores and carnivores were less
active during the initial days, pooled herbivore data revealed both
increased and decreased activity rates. A similar pattern was found for
displacements, asmost species traveled longerdistances after collaring
events compared to the long-term mean (days 11–20; R2 = 0.25, Dev.
explained = 37.7).

On the first day post-release, moose (Alces alces) exhibited the lar-
gest increases in displacement distance, moving 63% further compared
to the long-term mean, followed by common eland Tragelaphus oryx
(52%), and spotted hyena Crocuta crocuta (44%). In contrast, leopards
Panthera pardus were found to have the largest reductions in displace-
ment distances, reducing theirmovement distances by-65%, followedby
wolves Canis lupus (−44%), and Eurasian lynx Lynx lynx (−43%). Moose
also had the largest increases in activity on day one (44%), followed by
red deer Cervus elaphus (26%), and Mongolian khulan Equus hemionus
hemionus (9%). Wolves had the largest decreases in activity on day one
(−48%), followed by the white-tailed mongoose Ichneumia albicauda
(−41%), and leopard Panthera pardus and golden jackal Canis aureus
(−41%). In general, carnivores traveled shorter distances post-release,
aside from the spotted hyena (Deviance day1GPS=44%) and fossa Cryp-
toprocta ferox (Deviance day1GPS= 12%). In this study, we did not

investigate mortality rates as only individuals that survived for at least
20days post-tagging were included in our analysis.

Recovery speed and duration
Recovery speed in activity is best explained by a high human footprint
indexof the respective study site, the individuals’ sex [+male] (Fig. 3AB,
Table 3) and a larger body mass (competing model, ΔAIC < 2, Tab. S2).
A fast recovery in displacements was best explained by the species-
specific diet [+carnivore] and its body mass, with large species reco-
vering considerably faster (Fig. 3CD, Table 4). During the first 10 days
of tracking, the difference from the long-term mean of displacements
decreased from 33 ± 17% on day 1 to 21 ± 20% on day 10, while activity
decreased from 24 ± 14%–12 ± 6%; devianceday1 vs. devianceday10 for all
species with p ≤0.05, Fig. 3, Table 1. Comparing individual days in days
11–20 to the mean of this period indicated mean routine variations of
14% for activity and 35% for displacements.

Recovery duration also differed between dietary types. Omni-
vores and carnivores returned to their mean long-term behavior in
both disturbance intensitymeasures after 5–6days (Table 2), with data
beyond this period being less influenced by collaring events. In con-
trast, herbivores were the quickest to return to their mean long-term
displacement behavior but were slowest to return to their long-term
activity levels: 3.6 ± 1.0 days (displacements), and 6.6 ± 0.9 days
(activity), mean± SD).
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Fig. 1 | Methods calculating the disturbance intensity, recovery speed and
duration with specific examples. A Illustrates the difference of daily activity
(ODBA) and displacements (days 1–10) from the long-term means (days 11–20).
First, we calculated daily (days 1–10) activity (ODBA) and displacements. Subse-
quently, we related derived values to the long-termmean (days 11–20). The analysis
was conducted identically for activity and displacements. B To calculate the dis-
turbance intensity, we related daily averaged values (displacement, activity) to the
respective mean during days 11–20. The upper example illustrates the disturbance

intensity of Propithecus verreauxi, with increased displacements on the first days,
before converging towards the long-term mean; the lower illustrates the dis-
turbance intensity in activity of Canis aureus, with decreased activity during the
initial days of tracking. C Recovery speed was calculated as the ∣slope∣ on day one
post-release, and recovery duration was determined as the time when animals
reverted to their long-termmean for the first time post-release. The upper example
illustrates the recovery speed and duration in activity of Cervus elaphus, the lower
one of Canis lupus.
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Discussion
Our findings revealed widespread evidence of post-collaring beha-
vioral changes in animal activity and displacements. Animals dis-
played a general trend in their responses, marked by the most
pronounced deviations in behavior immediately following successful
collar deployment. Subsequently, their behavior stabilized, conver-
ging on their long-term mean within four to 7 days (Tab. 2). This
recovery duration represents the initial period of more pronounced
data bias. Responses found in our dataset are consistent with the
findings of case studies from the respective species: InmooseA. alces,
the observed reaction is in accordance with Neumann et al.57, who
identified larger spatial displacements for up to4.5 days after capture.
In wild boars Sus scrofa, similar to our findings, the first post-capture
days were characterized by low activity and lowmobility levels, which
then gradually restored to stable levels at approximately 10 days28.
Additionally, we observed increased movement rates for red deer
immediately after release, as found by Becciolini et al.46. We can not
make any conclusions about the effect of tagging on survival rates, as

only data from individuals that survived the study period were
considered.

Males recovered on average 1.3 days faster than females from
collaring-induced changes in activity, aligning with findings in roe
deer26, yet this effect was not detected in displacements. Females may
require a longer recovery time due to gestation, birth, and rearing of
offspring (as only 5–10% of mammalian species engage in paternal
care58). These factors may aggravate negative impacts associated with
the attachment of tracking devices, potentially leading to increased
stress levels, reduced foraging efficiency, or, as a consequence, com-
promised reproductive success26–28. We expect this effect to be even
more pronounced in pregnant or lactating females. However, due to
theheterogeneous nature of thedataset,with various species captured
over different times across continents, we did not account for an
individual’s physiological or behavioral season.

Omnivores and carnivores were generally less active than herbi-
vores after release. In cases where animals are caught with bait, as is
sometimes done for carnivores and omnivores, individuals may not
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Fig. 2 | Disturbance intensity: Impacts of collaring on activity and displace-
ments during the initial 10 days post-release. Daily differences to the long-term
mean of activity (upper) and displacements (lower) split by diet: herbivores (left),
omnivores (middle), and carnivores (right) for 42 mammal species, n = 1585. All
species with p ≤0.05 are shown as solid lines and species with p >0.05 or n < 5 as
dotted lines. Activity: R2 = 0.374, Dev. explained = 46.4%, displacements: R2 = 0.25,

Dev. explained = 37.6%. Predictions are derived from two Generalized Additive
Mixed Models with Gamma error distributions to assess the effect of disturbance
intensity on activity and displacements of the focal species over time. The dotted
blue line represents the long-term mean (average for days 11−20). In the legend
following each species name, the first number refers to the number of individuals
for activity and the second for displacements.
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need to carry out foraging movements in the following days as they
would under normal circumstances. Amore proximate explanation for
the reduced movement and activity could also be a reaction to che-
mical immobilization. In contrast, 65% of the herbivores increased

their activity on the first day post-release. Resting to conserve energy
does not seem like a legitimate reaction to being chased and immo-
bilized because their natural response to being chased by predators is
escaping bymoving. The recovery speed of activity and displacements

Table 1 | Species model summary: Disturbance intensity in activity and displacements

Study species Activity Displacements

Scientific Name Common Name edf ref.df Statistic p-value edf ref.df Statistic p-value

Acinonyx jubatus Cheetah 1.160 1.294 3.799 0.058

Alces alces Moose 1.993 2.000 190.955 <0.001 1.994 2.000 76.011 <0.001

Antidorcas marsupialis Springbok 1.000 1.000 1.333 0.248 1.000 1.000 0.176 0.675

Bison bison American Bison 1.000 1.000 11.711 0.001

Bison bonasus European Bison 1.859 1.980 6.700 0.001 1.000 1.001 6.856 0.009

Canis aureus Golden Jackal 1.904 1.991 14.369 <0.001 1.000 1.000 0.441 0.507

Canis latrans Coyote 1.940 1.996 25.793 <0.001

Canis lupus Gray Wolf 1.894 1.989 37.056 <0.001 1.684 1.900 12.894 <0.001

Capra ibex Alpine Ibex 1.936 1.996 92.773 <0.001 1.664 1.887 1.924 0.098

Capreolus capreolus Roe Deer 1.996 2.000 150.162 <0.001 1.996 2.000 30.008 <0.001

Cervus elaphus Red Deer 1.942 1.997 31.220 <0.001 1.961 1.999 16.210 <0.001

Chlorocebus pygerythrus Vervet Monkey 1.000 1.000 0.302 0.583 1.000 1.000 0.082 0.775

Crocuta crocuta Spotted Hyena 1.875 1.984 4.426 0.014 1.387 1.625 9.713 <0.001

Cryptoprocta ferox Fossa 1.000 1.000 0.335 0.563 1.886 1.987 8.911 <0.001

Equus hemionus Mongolian Khulan 1.000 1.000 5.465 0.019 1.925 1.994 30.232 <0.001

Erinaceus europaeus European Hedgehog 1.891 1.988 5.816 0.004 1.000 1.000 0.001 0.983

Eulemur rufifrons Red-fronted Lemur 1.000 1.000 0.061 0.805 1.000 1.000 0.059 0.809

Felis chaus Jungle Cat 1.812 1.965 14.060 <0.001 1.000 1.000 8.527 0.004

Felis silvestris Wildcat 1.000 1.000 1.337 0.248 1.754 1.939 1.323 0.262

Gazella subgutturosa Goitered Gazelle 1.280 1.481 9.762 <0.001 1.669 1.891 1.114 0.256

Genetta genetta Common Genet 1.809 1.964 15.326 <0.001 1.448 1.695 2.954 0.130

Ichneumia albicauda White-tailed
Mongoose

1.919 1.993 14.329 <0.001 1.000 1.000 1.277 0.259

Lepus europaeus European Hare 1.195 1.352 18.290 <0.001 1.000 1.000 6.623 0.010

Lynx lynx Eurasian Lynx 1.811 1.964 20.903 <0.001 1.694 1.907 4.823 0.025

Lynx rufus Bobcat 1.313 1.528 7.565 0.006 1.000 1.000 0.439 0.508

Madoqua guentheri Günther’s dik-dik 1.000 1.000 1.165 0.281 1.289 1.495 0.347 0.766

Odocoileus virginianus White-tailed Deer 1.000 1.000 <0.001 0.993 1.000 1.000 18.475 <0.001

Ovibos moschatus Muskox 1.000 1.000 4.636 0.031 1.205 1.369 1.557 0.283

Panthera leo African Lion 1.000 1.000 1.889 0.169 1.010 1.020 0.028 0.886

Panthera pardus Leopard 1.758 1.941 8.783 0.001 1.685 1.901 5.692 0.013

Papio anubis Olive Baboon 1.000 1.000 0.178 0.673 1.000 1.000 0.666 0.415

Procyon lotor Raccoon 1.266 1.461 2.380 0.168 1.000 1.000 1.802 0.180

Propithecus verreauxi Verreaux’s Sifaka 1.000 1.000 0.099 0.753 1.718 1.921 4.117 0.041

Puma concolor Cougar 1.000 1.000 0.001 0.971 1.000 1.000 2.255 0.133

Sus scrofa Wild Boar 1.867 1.982 418.661 <0.001 1.000 1.000 53.265 <0.001

Tragelaphus oryx Gemsbok 1.760 1.943 1.990 0.166 1.861 1.981 7.511 0.001

Tragelaphus strepsiceros Greater Kudu 1.096 1.183 0.438 0.483 1.000 1.000 0.373 0.541

Ursus americanus American Black Bear 1.928 1.995 76.150 <0.001 1.826 1.970 13.861 <0.001

Ursus arctos Brown Bear 1.552 1.799 2.919 0.121 1.529 1.778 3.161 0.104

Viverra tangalunga African Civet 1.563 1.809 12.381 <0.001 1.369 1.602 5.142 0.026

Vulpes bengalensis Bengal Fox 1.811 1.964 6.690 0.004 1.000 1.000 0.501 0.479

Vulpes vulpes Red Fox 1.650 1.878 6.532 0.008 1.000 1.000 1.367 0.242

s(ID) 1248 1451 6.584 <0.001 1063 1261 4.589 <0.001

s(sex) 0.140 1.000 1.159 0.312 0.001 1.000 <0.001 0.472

R-sq. (adj) 0.374 0.250

Deviance explained 46.4% 37.7%

n 1452 1262

The presented results include values for estimated degrees of freedom (edf) and reference degrees of freedom (ref.df), where edf represents the effective degrees of freedom resulting from the
fitted model, indicating model flexibility, while ref.df serves as a baseline measure for comparison. (see methods, Eq. (1)).
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after collaring events was slower in herbivores than omnivores and
carnivores. From an evolutionary perspective, this is surprising since
predators frequently chase many wild herbivores, and therefore, her-
bivores may be expected to be better adapted to and recover faster
from disturbances. Yet, these responses may be offset by the potent
anesthesia used, particularly for large herbivores (e.g., Bison sp., A.
alces, Tragelaphus strepsiceros, C. elaphus). For all species, we found

strong intraspecific variation in the response behavior, which may be
context-specific or linked to animal personalities59, traditionally
assessed along a bold-shy continuum60,61.

Stress-related activity of wildlife is often categorized as either
fight orflight62. This can also hold true for the post-capture responseof
wildlife to either the capture event or the collar. Characterization of
fight-flight was first identified in human psychology63, but as Bracha
et al.64 noted, the addition of “freeze” to the term is needed. In wildlife,
this can be extended to include hiding in response to disturbance65.
Post-release behavior likely includes a complex blend of all these
responses, as well as additional stressors they encounter during that
timeframe. To add to this complexity, in places with significant
anthropogenic influence, animals frequently display enhanced toler-
ance and adaptation to human presence50,51. Animals that adapt to
human presence may experience reduced competition for resources
compared to natural habitats66.

Management practices, such as supplementary feeding,which can
cause habituation and changes in space use, mobility, or activity (e.g.,

Table 2 | Duration until return to mean long-term behavior
(mean values ± standard deviation)

Dietary type Mean days (ACC) Mean days (GPS)

Herbivore 6.59 ±0.86 3.60 ± 1.00

Omnivore 5.50 ±0.63 5.63 ±0.49

Carnivore 5.09 ±0.88 5.44 ±0.50

Displacements were calculated based on localizations (GPS) and activity based on accel-
erometer data (ACC).

Fig. 3 | Recovery speeddescribed in relation todietary type, an individual’s sex,
and the human Footprint index of the study area. A, B Recovery speed (of
activity) described in relation to sex and the Human Footprint index (HFi), n = 1241.
High recovery speed values indicate a fast recovery. High HFi values indicate a
strong anthropogenic influence, and low values indicate a high degree of remote-
ness. The inset (A) shows the density plots of the sample size distribution for each
dietary guild in regard to HFi. B Predictions are presented for values of the lower
(12.37), median (18.68), and upper (25) quartiles of HFi. Insets here (B) present
exemplary satellite imageryof siteswith differingHFi; left to right: anareawith little
infrastructure and some habitat fragmentation [HFi: 10]; agricultural fields with
small forest patches, road infrastructure, and some settlements [HFi: 17]; a more

degraded landscape with a quarry and an adjacent solar park [HFi: 25] (ⓒLandsat /
Copernicus, GoogleEarth 2020-202388). Landscapes with extremeHFi values (close
to zero: representing pristine, undisturbed areas; close to 50: representing dense
populated urban areas) were less present in the dataset and, as such, examples are
not shown. C, D Recovery speed (of displacements) described in relation to body
mass (C) and dietary type (D), n = 1014. Recovery speed describes the speed of
change in activity or displacements as a percentage of the respective long-term
mean on day one. Dots (A, C) represent calculated values. Dots (B,D) and the solid
lines (A, C) represent mean modeled values, and bars (B, D) as well as the gray
shaded area (A, C) are 95% confidence intervals. Note that the y-axis is sqrt-
transformed.
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ref. 67), may also influence behavior after collaring. Furthermore,
some species demonstrate behavioral flexibility and can adjust their
activity patterns or habitat preferences68 and their movement
behavior69 to avoid direct conflicts with humans. For example, some
mammals, such as raccoons Procyon lotor and coyotes Canis latrans,
thrive in urban areas by utilizing human-associated food resources and
adapting their behavior to coexist with humans50,51, yet, the impact of
anthropogenic influence is species-specific70. Previous studies have
shown thathuman interactions can strongly influenceanimal behavior.
For example, the coexistence of humans and wildlife in urban areas
often selects individualswith bold personalities71–73. On the other hand,
animals inhabiting remote areas have less exposure to human pre-
sence and, consequently, encounters. Hence, when such animals
encounter humans, they might show an exacerbated response toward
the disturbance and remain alert for a prolonged time. While this
assertion is speculative, it is supported by our finding here, where
individuals in remote areas recovered slower fromcollaring than those
in highly anthropogenically influenced areas. With numerous deploy-
ment methods like helicopter darting, chasing, or trapping being
applied in the field, analyzing their effect was not feasible within the

scope of this study. The effect of the deployment method remains
unclear, and the selected method may even change along an HFI gra-
dient. For example, helicopter darting may be the only option in areas
with little infrastructure, whereas in more urban areas, alternative
options are preferred. Interpreting the effect of the human footprint
should take into account that deployment type could be influenced by
the respective study area. Therefore, we strongly recommend doc-
umenting these methodological decisions for future research.

There exists a fine balance between obtaining valuable data and
ensuring the well-being of tracked animals. Researchersmust consider
these ethical dilemmas carefully and implement trackingmethods that
minimize harm andmaximize animal welfare. Omitting initial data can
contribute to reducing biased results, thereby generating more accu-
rate outcomes that could better inform conservation efforts. Yet, it
may be difficult to detect the effects of collars during short-term
deployments, as the data obtained is highly time-constrained. While
our study was confined to assessing behavioral alterations associated
with collaring events, it is important to note that even short-term
modifications in behavior can incur energetic costs, reduce energy
intake, or influence predation risk and, as such, potentially impact
animal survival and fitness74–76. As we only considered data from indi-
viduals that survived for at least 20 days post-tagging, we could not
account for possible mortality rates. The inclusion of such data in
future studies could contribute to an even more holistic under-
standing of the consequences of tagging.

While established animal welfare guidelines and regulatory
requirements that allow for such invasive studies exist, many of these
rely on findings from isolated case studies. Our study of post-release
telemetry data of 42 terrestrial mammalian species reveals potential
biases in wildlife GPS and ACC data during the initial days of animal
tracking, likely due to invasive immobilization and tagging procedures,
which may influence movement ecology findings. These impacts,
however, fade within a relatively short time frame of four to 7 days,
suggesting that the overall impact of collaring is minimal and short-
lived, which is good news for animal tracking science. In studies where
longer tracking is not feasible, researchers should be aware of these
disturbance biases. Particularly, short-term studies, lasting <7 days,may
be significantly compromised. These studies are prevalent in certain
research areas, for example, where battery weight strongly limits
tracking duration. Based on our findings, we strongly advocate
extending animal tracking periods well beyond 7days whenever pos-
sible. Further efforts relating the findings of this study to other
important variables such as method of capture, type of tag, drug
combinations, and post-release behavior could provide valuable
insights into best practices in reducing capture myopathy, stress, and
data bias. By understanding and addressing these limitations,
researchers can maximize GPS-collaring advantages while limiting
adverse effects on study animals. Undoubtedly, animal tracking will
continue to contribute to our understanding of the environment, with
progress in this field being propelled by ongoing technological devel-
opments, improved techniques, and heightened ethical considerations.

Methods
Data collection and preparation
Animal tracking data (GPS and ACC, see Supplementary Note 1 for
permits) from multiple data providers were either directly sourced
from tables or downloaded from the Movebank data repository77 with
the help of the R package Move78. In the first step, we omitted indivi-
duals with missing data during the initial 20 days, resulting in 1585
unique individuals. We defined data as missing if any discontinuation
resulted in <1 GPS fix per hour and less than one activity measurement
per 30min. The resulting number of individuals per terrestrial mam-
mal species ranged from 4 to 672 (mean nacc= 36.4, mean ngps = 32.6)
out of total individuals nacc = 1452 of 41 species across 57 study sites,
and total individuals ngps = 1262 of 40 species across 55 study sites.

Table 3 | Recovery speed of activity

Recovery speed activity

Predictors Estimates CI p

(Intercept) −5.51 −10.08 – −0.94 0.018

mass 0.31 −0.13 – 0.75 0.172

sex [m] 0.19 0.02 – 0.36 0.025

diet [herbivore] 0.60 −1.25 – 2.45 0.527

diet [omnivore] −0.34 −1.96 – 1.29 0.685

HFi 1.83 1.40 – 2.25 <0.001

Random Effects

σ2 2.02

τ00 study species 2.53

ICC 0.56

N study species 25

Observations 1241

Marginal R2 / Condi-
tional R2

0.111 / 0.605

The best-fit model to describe recovery speed in terms of activity spent included the species’
body mass, sex, dietary type, and the study site’s Human Footprint Index (HFi) as independent
variables. Study species was implemented as a random effect (see methods, Eq. (2)).

Table 4 | Recovery speed of displacements

Recovery speed displacements

Predictors Estimates CI p

(Intercept) 0.70 −0.47 – 1.86 0.240

diet [herbivore] −0.42 −0.91 – 0.07 0.092

diet [omnivore] −0.78 −1.35 – −0.23 0.006

mass 0.25 0.14 – 0.36 <0.001

Random Effects

σ2 1.31

τ00 study species 0.06

ICC 0.05

N study species 17

Observations 1014

Marginal R2 / Condi-
tional R2

0.065 / 0.107

The best-fit model to describe recovery speed in terms of displacements included dietary type
and the species’ body mass as independent variables. Study species was implemented as a
random effect (see methods, Eq. (2)).
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We classified the data into two periods: the initial 10 days fol-
lowing the individual’s release and days 11–20. We considered the
latter timeframe representative of ’long-term’ behavior, expecting that
the response to the collaring/handling process had subsided
within the initial 10 days, as shown in previous studies (e.g., A.
alces ≤ 4.5 days57, C. capreolus ≤ 10 days26, C. elaphus ≤ 10 days46).

We calculated mean daily ODBA values for each individual with
the R package moveACC79 as ODBA= ∣Ax∣ + ∣Ay∣ + ∣Az∣ for tri-axial mea-
surements; and as ODBA = ∣Ax∣ + ∣Ay∣ for bi-axial measurements, where
Ax, Ay, and Az are the derived dynamic accelerations corresponding to
the threeperpendicular axes of the sensor13. Downsampling from three
to two axes to compare ACC measurements was not necessary, as the
raw data were used per individual to calculate the disturbance inten-
sity, which is then expressed in percent. Acceleration records obtained
from individuals with only one axis (Acinonyx jubatus) were not con-
sidered. The temporal resolution of both GPS and ACC data was
adjusted by rounding timestamps to the nearest 5min interval. Then,
displacements were calculated using the R package adehabitatLT80 as
each individual’s mean displacement (m) from one GPS fix to the next
within each 24 h interval. For each study site, we extracted the Human
Footprint index (HFi:81,82) and calculated themeanHFi for a 5 km radius
around the center of the study site (mean longitude, mean latitude).

Disturbance intensity
Subsequently, we related daily averaged values (displacement, activ-
ity) to the respective mean during days 11–20 to calculate the dis-
turbance intensity (Fig. 1). We applied two Generalized AdditiveMixed
ModelswithGammaerror distributions for thedisturbance intensity in
activity anddisplacements to estimate the effect on the focal species in
combinationwith time (i.e., days 1–10) on daily differences to the long-
term mean using the R package mgcv83. Since we did not expect a
linear relationship, we specified the predictor variable time as a
smooth term for each species and a first-order auto-regressive corre-
lation structure corAR1 among the residuals of the model associated
with each individual. Sex was included as a random smoothing effect,
allowing for a smooth relationship between sex and the dependent
variable. This allows for individual-specific effects of sex on the
response, which can be useful when assuming that the relationship
between sex and the response is not strictly linear but varies smoothly
across individuals or species. The disturbance intensity model was
specified as follows:

devianceid,t ∼ Gamma ðηid,t ,αÞ
ηid,t = exp f ðtÞspecies +uid +usex + νid,t

� �

νid,t =ρνid,t�1 + ϵid,t�1

ϵid,t�1 ∼N 0,σ2� �
ð1Þ

Thus, the linear predictor ηid,t includes an autoregressive process of
order one (AR[1]). Here, the parameter ρ accounts for the temporal
autocorrelation, id represents the animal identifier, and t is the cor-
responding time point. In addition, u indicates the use of random
intercepts. Deviance was calculated and modeled separately for both
activity and displacement.

Recovery speed and duration
For all individuals of specieswith significant disturbance effects (Fig. 2,
Table 1), we calculated the ∣slope∣ on day one after the release as a
measure of recovery speed, i.e., how fast individuals adapt throughout
the first days. The slope was calculated for each individual as the first
derivative for x = 1 from the ID-specific fitted curve with y ~ log(x).
Recovery speed, expressed in units of percentage per day, quantifies
the rate of adaptation of individuals. The steeper the slope (i.e., the
higher the values), the faster individuals were at adapting or accli-
mating. We applied separate linear mixed effect models for activity

and displacement to estimate the recovery speed in both activity and
displacements, using the R package lme484 using the respective mea-
surements, ∣slope day 1∣ as the dependent variable. We included sex,
dietary type (herbivore, omnivore, carnivore), bodymassderived from
literature values85 (Table S1), and the Human Footprint index of the
study area as independent variables and study species as a random
effect. Due to incomplete data and many different levels, we did not
consider the deployment procedure as an independent variable. The
dependent variable, as well as the independent variables, body mass
and HFi, were log-transformed. The model was calculated using
Gaussian error distribution and a natural logarithm link function.
Subsequently, we selected models using the R package MuMIn86. By
ranking model combinations via the Akaike Information Criterion
(AIC), we considered all independent variables in the best-fit models
within 2 AIC units in the final model and report the respective sum-
mary. Models were calculated using all gap-less data available for the
independent and dependent variables, resulting in minor variations in
sample size and species analyzed for activity and displacements.

To assess the stabilization period of collaring effects on activity
and displacement, we used the fitted disturbance intensity model
(Eq. 1) to calculate the period until individuals reverted to their average
long-term behavior for both disturbance intensity measures (activity
and displacements) for thefirst timepost-release. For this,we included
all individuals of species in which significant patterns were identified
with the disturbance intensity model above.

The recovery speed model was specified as a linear mixed effect
model:

logðjslopeday1jÞid,species, studysite ∼N ηid,species, study site,σ
2

� �

η=β0 +β1 logðmassspeciesÞ+β2 logðHFispecies, study siteÞ
+βsex sexid +βdietdietspecies + uð speciesÞ,

ð2Þ

where sex and diet were specified as categorical variables; slopeday1
was calculated and modeled separately for activity and displacement.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated in this study to create the respective figures
have been provided in the Source Data file. The GPS and acceleration
datasets used and analyzed in this study are available in theMovebank
Data Repository77 at www.movebank.org (Antidorcas marsupialis, ID:
904829042; Chlorocebus pygerythrus, ID: 17629305; Erinaceus euro-
paeus, ID: 354843286; ID: 348067475; ID: 490547558; ID: 1371906275;
Felis silvestris, ID: 40386102; Genetta genetta, ID: 19814565; Ichneumia
albicauda, ID: 158898881; Lepus europaeus, ID: 918554628; ID:
1138520346; ID: 4048590; ID: 25727477; ID: 43360515; ID: 71038468;
ID: 73514179; Lynx rufus, ID: 501787846; ID: 475878514; Panthera par-
dus, ID: 17629305; Papio anubis, ID: 17629305; Procyon lotor, ID:
4048590; Taurotragus oryx, ID: 904829042; Tragelaphus strepsiceros,
ID: 904829042; Viverra tangalunga, ID: 57540673; Vulpes vulpes, ID:
4048590; ID: 326682415; ID: 173932849); data from Euromammals87

can be accessed by logging into their website or via a contact form at
https://euromammals.org/ (Capra ibex; Capreolus capreolus; Cervus
elaphus; Lynx lynx; Sus scrofa); or can be obtained from data providers
upon request through the corresponding author. Source data are
provided with this paper.
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