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Abstract

COVID-19 lockdowns in early 2020 reduced human mobility, providing an opportunity to
disentangle its effects on animals from those of landscape modifications. Using GPS data, we
compared movements and road avoidance of 2300 terrestrial mammals (43 species) during the
lockdowns to the same period in 2019. Individual responses were variable, with no change in
average movements or road avoidance behavior, likely due to variable lockdown conditions.
However, under strict lockdowns, 10-day 95th percentile displacements increased by 73%,
suggesting increased landscape permeability. Animals' 1-hour 95th percentile displacements
declined by 12%, and animals were 36% closer to roads in areas of high human footprint,
indicating reduced avoidance during lockdowns. Overall, lockdowns rapidly altered some
spatial behaviors, highlighting variable but substantial impacts of human mobility on wildlife

worldwide.

In 2020, governments around the world introduced lockdown measures in an attempt to curb the
spread of the novel SARS-CoV-2 virus (COVID-19). This resulted in a drastic reduction in human
mobility including human confinement to living quarters, closure of recreation and protected areas,
and reductions in the movement of vehicles and their associated by-products (e.g., noise and
pollutants) (1). This ‘anthropause’ provides a unique opportunity to quantify the effects of human
mobility on wildlife by decoupling these from landscape modification effects (e.g., roads) (2, 3). It is
established that anthropogenic landscape modifications impact how animals use habitats (4) and
interact with each other (5). For example, human infrastructure may induce various behavioral
responses in animals, including avoidance (6), shifts in movement speed or habitat selection near
roads (7), and altered diurnal patterns of habitat use (8). In addition to these landscape modification
effects, animals can react directly to the presence and activity of humans (9). These often are
perceived as a risk (10), which can lead to changes in habitat use due to the avoidance of areas heavily
used by humans, increased energetic costs and physiological stress (11), and altered demography

(e.g., reduced fecundity) (12). As large-scale, high-resolution human mobility data are rare, our ability



to decouple the effects of landscape modification and human mobility has been limited. In particular,
little is known about the overall impact of human mobility on terrestrial mammalian behavior across
species and continents. Here, we make use of the quasi-experimental alteration of human mobility
during COVID-19 lockdowns in early 2020 to study the effect of human mobility on animal behavior,

specifically on movement and road avoidance in terrestrial mammals.
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Fig. 1 Distribution of GPS data from 43 terrestrial mammal species. The map represents the mean Oxford
COVID-19 Government Response Tracker Stringency Index (SI, (20)), which measures lockdown strictness,
ranging from 0 (no lockdown) to 100 (very strict lockdown). Values are presented per country during the 2020
study period (i.e., initial lockdown date to 15 May, 2020), where higher values (red) represent countries with a
stricter lockdown policy. Light grey represents countries with no SI data. SI values range from 10 to 92. Black

points represent the centroids of each study-species combination (n = 90). Map in Mollweide projection.

Using animal tracking data to study behavioral changes during lockdowns

We used Global Positioning System (GPS) tracking data to evaluate how 2,300 individual terrestrial
mammals, representing 43 species across 76 studies (Fig. 1 and Table S1), changed their spatial
behavior during the initial 2020 COVID-19 lockdowns compared to the same time period a year
earlier. For the initial 2020 lockdown period we included the date of the first government mandated
lockdown in each study area (between 1 February and 28 April, 2020) until 15 May, 2020. We used
matching time periods from 2019 as a baseline for comparison. Individuals were tracked for an
average of 59 days per observation period (range: 10 — 72 days). We focused on two behaviors:
displacement distance (straight-line distance between two consecutive GPS locations) and distance to
the nearest road. As changes in displacement might be scale-dependent, we considered displacements

at 1-hour and 10-day intervals based on Tucker et al. (13). Changes in 1-hour displacements reflect



immediate responses to altered human mobility (14). We expected that reduced human mobility
during strict lockdowns would lead to an overall reduction in 1-hour displacements due to fewer
avoidance and escape responses, or easier access to foraging areas due to reduced disturbance as has
been previously shown for red deer (14). For the 10-day displacements, we expected a different
response because previous analyses of the effects of land-modifications on mammal movements (13)
have shown longer displacement distances in areas with low human footprint. Accordingly,
displacement distances at the 10-day scale might be longer under lockdown conditions as animals
might be able to cross barriers linked to human mobility during lockdowns (e.g., roads with lower
traffic volumes during lockdowns). For each time scale, we evaluated the 50th (median) and 95th
percentiles of the displacements. Median displacements represent a suite of behaviors including
resting and sleeping (1-hour scale) or residency in the same area (10-day scale). The 95th percentile
eliminates stationary behaviors and represents longer and more directed movements such as
avoidance behaviors on the 1-hour time scale and long-distance displacements at the 10-day time
scale (13). Because longer displacements generally have a greater probability of encountering humans

or infrastructure, we expected stronger responses for the 95th-percentile displacements.

While roads may benefit some species by providing foraging opportunities or movement corridors
(15), their effects are more often negative as they not only create barriers but also increase mortality
and facilitate human access to remote areas (16). We expected that declines in vehicular traffic during
the early 2020 lockdowns (17) would reduce the perceived risk level and mammals would therefore

be closer to roads.

To evaluate possible changes in displacements or distance to the nearest roads between the lockdown
and baseline periods, we calculated log response ratios for each measure (medians and 95th
percentiles of the 1-hour and 10-day displacements, and distance to roads) and each individual. Our
analyses of the response ratios involved a two-step process following previous work (18). First, we
used Bayesian mixed-effects models to examine the overall effect of lockdowns on movement
distance and distance to the nearest road (i.e., intercept-only model) (19). Second, we used Bayesian
mixed-effects models to examine possible relationships between the response ratios and various
covariates indicative of environmental context (i.e., lockdown strictness, human footprint and
productivity) and species traits (i.e., body mass, diet, activity and relative brain size) (19). For both
steps of the analyses, we included random effects for species-study combined to account for non-
independence between effect sizes from the same study and/or species. For the second step of the
analysis, we included the Oxford COVID-19 Government Response Tracker Stringency Index (SI,
(20)) in our models to examine country-level variation in lockdown strictness, ranging from 0 (no
lockdown) to 100 (very strict lockdown; e.g., confined to home). We used the Human Footprint Index

(HFI, 1-km resolution, (21)) as a proxy of direct and indirect human activities including roads,
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agriculture and human population density. The HFI values range from 0 to 50, where low values
represent areas relatively undisturbed by humans and high values represent areas with high human
development levels. We expected stronger behavioral responses to lockdowns in areas with a higher
human footprint and in countries with stricter lockdowns for both displacement distances and distance
to roads. To account for movement capacity, differences in movements related to diet, activity cycle
and behavioral flexibility, we included body mass (range: 10 — 4000 kg), diet (carnivore, omnivore,
herbivore), activity (diurnal or nocturnal) and relative brain size as additional explanatory variables.
Finally, we also included the between-year difference in Normalized Difference Vegetation Index
(NDVI) between 2019 and 2020 to account for potential differences in seasonality and productivity.
We fit models for the median and 95th percentile of the 1-hour and 10-day displacements, and for
distance to road including all covariates for lockdown strictness, environmental context and species
traits (19). We report our results as the percentage increase or decrease in movement distance or
distance to roads by back-transforming the response ratios (19) and reporting the 95% credible

intervals (CI).

Changes in movement displacements during lockdowns

We found an average 12% reduction in 1-hour 95th-percentile displacements when evaluating the
impact of only the lockdown itself (intercept only model, 95% CI: 1 — 22%, Fig. 2, Table S2). This
may indicate reduced avoidance and escape behavior of humans (e.g., no need to travel longer
distances to avoid humans (22, 23)) as a result of altered human mobility levels during lockdowns.
When exploring potential correlates of this response, no covariates had an effect that differed from
zero (Table S3). For the 1-hour median displacements, we found no overall effect (Table S2) and
again, no effect of the covariates (Table S4). Taken together, these results suggest that responses at
the 1-hour scale were highly variable and not dependent on the selected species traits (body mass,
diet, activity or relative brain size) or on the variables describing the local context (lockdown

stringency or HFI).

The overall lockdown response was not different from zero for the 10-day 95th-percentile or long-
distance displacements (15%, 95% CI; -30-5%, Fig. 2B, Table S2). However, when exploring the
covariates that might explain variation in response ratios, the 95% credible intervals of the Stringency
Index did not overlap zero (Table S5), with displacements increasing 73% on average in areas of
stricter lockdown (i.e., areas with an SI of 90; Fig. 3A). This may indicate that tighter restrictions on
human movements, including confinement to living spaces and reduced human mobility in green
spaces (e.g., Italy and France; Fig. 1) led to increased landscape permeability for mammals. This
effect of human mobility is similar in magnitude to previous work that used the same displacement
metric but examined the effect of permanent landscape alterations (land conversion and infrastructure)

on terrestrial mammal movements (13). While this work used a spatial comparison rather than
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comparing changes over time within the same individuals, they found a decline of 67% of the 10-day
95th-percentile displacements in areas where the human footprint is high (13). We found no effect of

the remaining covariates (HFI, body mass, diet, activity or relative brain size) (Tables S5).
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Fig. 2 Changes in 1-hour animal movement during the COVID-19 lockdowns. (A) Overall reduction in the
1-hour 95th-percentile displacements (intercept-only model). (B) Overall reduction in the 10-day 95th-percentile
displacements (intercept-only model). Colored points represent individuals (n = 423 and 1,725), with point sizes
proportional to the inverse sampling variance of the response ratio for each individual. The black points and
error bars indicate the overall effect with 95% credible intervals. The 1-hour 95% credible intervals do not
overlap 0 (-0.25 to -0.01), but the 10-day credible intervals did overlap 0 (-0.36 to 0.05). Negative values
indicate reduced movement distances during the early 2020 lockdowns, while positive values indicate increased

movement distances during the lockdowns.
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Fig. 3 Changes in 10-day animal movement during the COVID-19 lockdowns. (A) Increasing 10-day 95th-
percentile displacements in response to the Stringency Index, and (B) 10-day 95th-percentile displacements
were longer during 2020 when we observed higher NDVI values compared to 2019. Colored points represent
individuals (n = 1,725), with point size proportional to the inverse sampling variance of the response ratio for
each individual. The black line is the fitted effect size (response ratio; RR). The shaded area indicates 95%
credible intervals, and the dashed grey line at zero illustrate no change. Negative values indicate reduced
movement distances during the early 2020 lockdowns, while positive values indicate increased movement

distances during the lockdowns.

We found that the 10-day 95th-percentile displacements in areas with lower lockdown stringency (SI
values 50 to 70) were actually shorter (on average 22—72%) than during the lockdown than in 2019
(Fig. 3A). The movement reductions may reflect increased human mobility in semi-natural areas such
as parks and other green spaces (24, 25). In fact, green space use by people in some areas of
intermediate lockdown increased up to 350% (25). In addition to the lockdown effects, seasonality
played a role in determining 10-day movement distances. The 10-day median (Fig. S1) and 95th
percentile (Fig. 3B) displacements were longer during 2020, when we observed higher NDVI values
compared to 2019, which may have led some individuals to begin their spring migration or
reproduction earlier in 2020. For the 10-day median displacements, we found no overall lockdown
effect (Table S2), no effect of lockdown stringency, and no effects of the other covariates (HFI, body
mass, diet, activity or relative brain size) (Tables S6). This difference in responses between 95% and
median movements suggests that lockdown stringency may have impacted mainly wide-ranging
behavior, such as migratory movements, long-distance dispersal, exploratory excursions or long

displacements within individuals’ home ranges.
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Mammals were closer to roads during lockdowns

We found no overall lockdown response in the distance of individuals to roads (-1%, 95% CI; -5 —
3%, Table S2) nor a relationship with the Stringency Index, NDVI difference or species traits (Table
S7). However, the response ratios were negatively related to HFI, showing that animals in areas with a
high human footprint were on average 36% closer to roads during lockdown (HFI = 36, Fig. 4). In
many parts of the world, traffic volume was significantly reduced during lockdowns (26, 27), which
in turn lessened the impact of roads on animals, including reduced barrier effects (15, 28) and road-
kill numbers (17, 29). Our findings add context to these previous results by demonstrating that not
only were road-kill numbers lower during lockdown (17, 29), but also animals were closer on average

to roads in human-modified areas, indicating reduced avoidance.

Distance to Road Effect Size (RR)
0

1
N
L

0 4 16 36
Human Footprint Index

Fig. 4 Changes in animal distance to roads during the COVID-19 lockdowns. Decreasing distance to roads
in response to the Human Footprint Index. Colored points represent individuals (n = 2,160), with point size
proportional to the inverse sampling variance of the response ratio for each individual. The black line is the
predicted effect size (response ratio; RR). The shaded area indicates 95% credible intervals, and the dashed grey
line at zero illustrates no change. Negative values indicate closer proximity to roads during the early 2020

lockdowns, while positive values indicate increased distance from roads during the lockdowns.

Overall, we detected three main signals of a lockdown effect on terrestrial mammal behavior,
although they were heterogeneously distributed across species and populations. These were (i)

reductions in 1-hour 95th-percentile displacements suggesting relaxed avoidance behavior, reduced
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disturbance, and/or fewer escape responses, (ii) increased 10-day 95th-percentile displacements under
strict lockdown conditions, suggesting increased landscape permeability, and (iii) closer proximity to
roads in areas heavily used by humans, suggesting a reduction in traffic disturbance. A number of
species-specific case studies are consistent with these findings. For example, evidence suggests that
during the lockdowns, mountain lions’ (Puma concolor) usual aversion to urban edges ceased (9),
crested porcupine (Hystrix cristata) abundance increased in urban areas (30), diurnal activity of
invasive Eastern cottontails (Sylvilagus floridanus) increased (30), and brown bears (Ursus arctos)

exploited novel connectivity corridors (12).

Despite these three general responses to the lockdowns, considerable variation in responses existed
across species and study regions (Fig. 2). This variability highlights that lockdown impacts are highly
context dependent. For example, mountain lions explored more urban areas during the lockdown,
while other species including American black bears (Ursus americanus), bobcats (Lynx rufus) and
coyotes (Canis latrans) in the same areas did not (31). In addition, in our study, lockdown stringency
was only measured at the country-level and did not account for local variability in restrictions. We
also note that our data were predominantly from Europe and North America, so our results should be
interpreted with caution for other regions. Finally, we note that a given movement metric could
capture different behaviors in different species, especially at the 10-day scale, whereas displacements

could capture behaviors ranging from within home range movements to dispersal.

We show that human mobility is a key driver of some terrestrial mammal behaviors, with a magnitude
potentially similar to that of landscape modifications. Therefore, when evaluating human impacts on
animal behavior, or designing mitigation measures, it is important that both physical landscape
alteration and human mobility are considered (see also (32)). Disentangling the effects of human
mobility and landscape modification will allow the implementation of conservation measures
specifically targeted at mitigating the impacts of human mobility, such as enticements to adjust
timing, frequency and volume of traffic in areas important for animal movement. Mammals have been
living with human disturbance for a long time. Yet, we demonstrate that many wildlife populations
retain the capacity to respond to changes in human behavior, providing a positive outlook for future
mitigation strategies designed to maintain animal movement and the ecosystem functions they

provide.

Acknowledgements

We wish to thank numerous people helping with fieldwork including the Ktunaxa Nation for their
support of the Elk Valley grizzly bear collaring project, NP Tara (brown bear research), Tanzania
Wildlife Research Institute and Tanzania National Parks, the leadership of Gorongosa National Park
for allowing and facilitating research on spiral-horned antelope, the farmers of the Seeis, Hochfeld
and Auas Oanob Conservancies for collaboration and the Namibian Ministry of Environment,

13



Forestry and Tourism. We also thank all in Madison, WI, USA who support the UW Urban Canid
Project. Collaring of khulan in Mongolia’s South Gobi Region was conducted within the framework
of the Oyu Tolgoi LLC (OT) Core Biodiversity Monitoring Program, implemented by the Wildlife
Conservation Society through a cooperative agreement with Sustainability East Asia LLC (SEA). We
thank the field team from Tatra National Park (Poland). We want to thank the Mongolian Ministry of
Nature, Environment and Tourism of and staff from WCS, OT, SEA, and protected areas for the
logistical and practical support during khulan capture. AK, JH, BF and HSC wish to thank the
Indigenous governments and organizations across the Northwest Territories’ boreal and barren-
ground caribou ranges for their support of caribou monitoring programs. We wish to thank Garth
Mowat and Laura Smit for their support on the Elk Valley grizzly bear collaring project. We thank
Save the Elephants and the Welgevonden Game Reserve for their elephant tracking data. We thank
the Eastern Shoshone and Northern Arapahoe Fish and Game Department and the Wyoming State
Veterinary Laboratory for assistance with the Wyoming bighorn sheep project. The Afognak and
Sitkalidak islands elk and bear project was implemented through a cooperative effort of the Alaska
Department of Fish and Game, Kodiak Brown Bear Trust, Rocky Mountain Elk Foundation, Koniag
Native Corporation, Old Harbor Native Corporation, Afognak Native Corporation, Ouzinkie Native
Corporation, Natives of Kodiak Native Corporation and the State University of New York, College of
Environmental Science and Forestry. We also thank four anonymous reviewers for comments on the
manuscript.

Funding: Supported by the Radboud Excellence Initiative (M.T.), the German Federal Ministry of
Education and Research [MORESTEP, #01LC1710A and #01LC1820A (T.M. and N.D.)], the
National Science Foundation [IIBR 1915347 (JM.C., C.H.F., and W.F.F.)], Serbian Ministry of
Education, Science and Technological Development [451-03-68/2022-14/ 200178 (D.C.)], Dutch
Research Council NWO program “Advanced Instrumentation for Wildlife Protection” (H.H.T.P and
J.A.J.E), Fondation Segré, RZSS, IPE, Greensboro Science Center, Houston Zoo, Jacksonville Zoo
and Gardens, Nashville Zoo, Naples Zoo, Reid Park Zoo, Miller Park, WWF, ZCOG, Zoo Miami,
Zoo Miami Foundation, Beauval Nature, Greenville Zoo, Riverbanks zoo and garden, SAC Zoo, La
Passarelle Conservation, Parc Animalier d'Auvergne, Disney Conservation Fund, Fresno Chaffee zoo,
Play for nature, North Florida Wildlife Center, Abilene Zoo, a Liber Ero Fellowship (C.T.L), the Fish
and Wildlife Compensation Program, Habitat Conservation Trust Foundation, and Teck Coal (K.P.),
the Grand Teton Association, the collection of Norwegian moose data was funded by the Norwegian
Environment Agency, the German Ministry of Education and Research via the SPACES II project
ORYCS [FKZ:01LL1804A (N.B.)], the Wyoming Game and Fish Department, Wyoming Game and
Fish Commission, Bureau of Land Management, Muley Fanatic Foundation (including Southwest,
Kemmerer, Upper Green, and Blue Ridge Chapters), Boone and Crockett Club, Wyoming Wildlife
and Natural Resources Trust, Knobloch Family Foundation, Wyoming Animal Damage Management
Board, Wyoming Governor's Big Game License Coalition, Bowhunters of Wyoming, Wyoming
Outfitters and Guides Association, Pope and Young Club, U.S. Forest Service, and U.S. Fish and
Wildlife Service, and the Rocky Mountain Elk Foundation, Wyoming Wild Sheep Foundation, Wild
Sheep Foundation, and Wyoming Wildlife/Livestock Disease Research Partnership, the U.S. National
Science Foundation [I0S-1656642 and 10S-1656527 (R.A.L. and R.M.P.)], the Spanish Ministry of
Economy, Industry and Competitiveness [RYC-2015-18932; CGL2017-87528-R AEI/FEDER EU
(J.V.LB))], and by a GRUPIN research grant from the Regional Government of Asturias
[IDI/2021/000075 (J.V.L.B.)], Sigrid Rausing Trust, Batubay Ozkan, Barbara Watkins, NSERC
Discovery Grant [RGPIN-2021-02758 (M.J.N.)], the Federal Aid in Wildlife Restoration act under
Pittman-Robertson project [AKW-12, (N.J.S.)] and the State University of New York, College of
Environmental Science and Forestry, the Ministry of Education, Youth and Sport of the Czech
Republic [CZ.02.1.01/0.0/0.0/16_019/0000803; CZ.02.2.69/0.0/0.0/19_073/0016944 (M.J., M.S.P.
and V.S.)], the Ministry of Agriculture of the Czech Republic [QK1910462 (M.J., M.S.P. and V.S.)],
Rufford Foundation [grant #29681-1(D.N.K.)], an American Society of Mammalogists African
Graduate Student Research Fund D.N.K.), the German Science Foundation [HE 8857/1-1 (A.G.H.)],

14



the Israeli Science Foundation [grant 396/20 (O.S.)], the BSF-NSF [2019822 and 10S2015662
(0.S.)], the Ministry of Agriculture, Forestry and Food and Slovenian Research Agency (CRP V1-
1626), the Aage V. Jensen Naturfond (project: Kronvildt - viden, verdier og varktejer), the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's Excellence Strategy
[EXC 2117 — 422037984, (M.W.)], National Centre for Research and Development in Poland
POLNOR/198352/85/2013 (project GLOBE), the Slovenian Research Agency [P4-0059 and N1-0163
(M.K.)], the David Shepherd Wildlife Foundation, Disney Conservation Fund, Whitley Fund for
Nature, Acton Family Giving, Zoo Basel, Columbus, Bioparc de Doué-la-Fontaine, Zoo Dresden, Zoo
Idaho, Kolmarden Zoo, Korkeasaari Zoo, La Passarelle, Zoo New England, Tierpark Berlin, Tulsa
Zoo, the Ministry of Environment and Tourism, Government of Mongolia, and the Mongolian
Academy of Sciences, the Federal Aid in Wildlife Restoration act and the Illinois Department of
Natural Resources, the National Science Foundation [LTREB #1556248 and #2038704 9 M.H.,
E.H.M, and H.M.)], Parks Canada, Natural Sciences and Engineering Research Council, Alberta
Environment and Parks, Rocky Mountain Elk Foundation, Safari Club International and Alberta
Conservation Association, the Consejo Nacional de Ciencias y Tecnologia (CONACYT) of Paraguay
[14-INV-208 and PRONII], the Norwegian Environment Agency and the Swedish Environmental
Protection Agency, EU funded Interreg SI-HR 410 Carnivora Dinarica project, Paklenica and Plitvice
Lakes National Parks, UK Wolf Conservation Trust, EURONATUR and Bernd Thies Foundation, the
Messerli Foundation in Switzerland and WWF Germany, the European Union’s Horizon 2020
research and innovation programme under the Marie Sklodowska-Curie Actions [grant agreement No.
798091 (M.-C.L.)], NASA Ecological Forecasting Program [#80NSSC21K1182], the Ecotone
Telemetry company (S.C.-J.), the French National Research Agency (S.C.-J.), LANDTHIRST [ANR-
16-CE02-0001-01 (S.C.-J.)], grant REPOS awarded by the i-Site MUSE thanks to the
"Investissements d’avenir" programme [ANR-16-IDEX-0006 (S.C.-].)], the ANR Mov-It project
[ANR-16-CE02-0010 (A.J.M. H. and N.M.)], the USDA Hatch Act Formula Funding (MSN201473),
the Fondation Segre and North American and European Zoos listed at http://www.giantanter.org/, the
Utah Division of Wildlife Resources (D.O., T.A. & J.K.Y), the Yellowstone Forever and the
National Park Service (D.R.S, D.W.S. C.G.), Missouri Department of Conservation, Federal Aid in
Wildlife Restoration Grant PROJECT NO. MO W103-R1, and State University of New York, SNSF
[#31003A 182286 and #310030 204478 (G.C.)], various donors to the Botswana Predator
Conservation Program (G.C.), data from collared caribou in the Northwest Territories (APK, JH, BF,
HSC) were made available through funds from the Department of Environment and Natural
Resources, Government of the Northwest Territories, the European Research Council Horizon2020
[AfricanBioServices 641918 (J.G.C.H. & T.M.)], the British Ecological Society (J.G.C.H. & T.M.),
the Paul Jones Family Trust (J.G.C.H. & T.M.), and the Lord Kelvin Adam Smith fund (J.G.C.H. &
T.M.), the Tanzania Wildlife Research Institute and Tanzania National Parks (J.G.C.H. & T.M.), the
Eastern Shoshone and Northern Arapahoe Fish and Game Department and the Wyoming State
Veterinary Laboratory, the Alaska Department of Fish and Game, Kodiak Brown Bear Trust, Rocky
Mountain Elk Foundation, Koniag Native Corporation, Old Harbor Native Corporation, Afognak
Native Corporation, Ouzinkie Native Corporation, Natives of Kodiak Native Corporation and the
State University of New York, College of Environmental Science and Forestry, the Slovenia Hunters
Association and Slovenia Forest Service. F.C. was partly supported by the Resident Visiting
Researcher Fellowship, IMéRA/Aix-Marseille Université, Marseille. This work was partially funded
by the Center of Advanced Systems Understanding (CASUS), which is financed by Germany's
Federal Ministry of Education and Research (BMBF) and by the Saxon Ministry for Science, Culture
and Tourism (SMWK) with tax funds on the basis of the budget approved by the Saxon State
Parliament. This article is a contribution of the COVID-19 Bio-Logging Initiative, which is funded in
part by the Gordon and Betty Moore Foundation (GBMF9881) and the National Geographic Society
(NGS-82515R-20) (both grants to C.R.)

15



Author contributions: M.A.T. and T.M. conceived the manuscript; M.A.T. conducted the analyses
and M.A.T. and T.M. wrote the first manuscript draft. Co-authors contributed data and assisted with
writing the final version of the manuscript.

Competing Interests: H.H.T.P is a Member of the Welgevonden Scientific Advisory Committee and
A.D.M. is a Senior Advisor for Wildlife Conservation for the US Department of Agriculture. C.R. is
the President of the International Bio-Logging Society, a member of an expert group providing advice
on animal culture and social complexity to the Convention on the Conservation of Migratory Species
of Wild Animals (CMS), and member of the advisory committee of a WILDLABS research program
aimed at identifying research and funding priorities in movement ecology

Data and materials availability: The full dataset used in the final analyses (33) and associated code
(34) are available at datadryad.org. A subset of the spatial coordinate datasets is available from
Zenodo (34). Certain datasets of spatial coordinates will be available only through requests made to
the authors due to conservation and Indigenous sovereignty concerns (see Table S1 for more
information on data use restrictions and contact information for data requests). These sensitive data
will be made available upon request to qualified researchers for research purposes, provided that the
data use will not threaten the study populations, such as by distribution or publication of the
coordinates or detailed maps. Some datasets, such as those overseen by government agencies, have
additional legal restrictions on data sharing, and researchers may need to formally apply for data
access. Collaborations with data holders are generally encouraged, and in cases where data are held by
Indigenous groups or institutions from regions that are under-represented in the global science
community, collaboration may be required to ensure inclusion.

Supplementary Materials
This PDF file includes:
Materials and Methods
Fig. S1

Tables S1 to S15

References

1. C. Rutz, Studying pauses and pulses in human mobility and their environmental impacts. Nat.
Rev. Earth Environ. 3, 157-159 (2022).

2. C. Rutz, et al., COVID-19 lockdown allows researchers to quantify the effects of human

activity on wildlife. Nat. Ecol. Evol. (2020), doi:10.1038/s41559-020-1237-z.

3. A. E. Bates et al., Global COVID-19 lockdown highlights humans as both threats and
custodians of the environment. Biol. Conserv. 263, 109175 (2021).

4. M. Ciach, L. Peksa, Human-induced environmental changes influence habitat use by an
ungulate over the long term. Curr. Zool. 65, 129-137 (2019).

5. C. A. DeMars, S. Boutin, Nowhere to hide: effects of linear features on predator—prey
dynamics in a large mammal system. J. Anim. Ecol. 87, 274-284 (2018).

6. M. Howe, M. M. Okello, J. M. Davis, Interspecific variation in the distribution of ungulates
relative to human infrastructure surrounding Amboseli National Park. African Zool. 48, 159—
166 (2013).

7. M. A. Scrafford, T. Avgar, R. Heeres, M. S. Boyce, Roads elicit negative movement and
habitat-selection responses by wolverines (Gulo gulo luscus). Behav. Ecol. 29, 534-542
(2018).

8. W. Neumann, G. Ericsson, H. Dettki, V. C. Radeloff, Behavioural response to infrastructure of
wildlife adapted to natural disturbances. Landsc. Urban Plan. 114, 9-27 (2013).

9. C. C. Wilmers, A. C. Nisi, N. Ranc, COVID-19 suppression of human mobility releases
mountain lions from a landscape of fear. Curr. Biol. (2021)

16



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

K. M. Gaynor, J. S. Brown, A. D. Middleton, M. E. Power, J. S. Brashares, Landscapes of
Fear: Spatial Patterns of Risk Perception and Response. Trends Ecol. Evol. 34, 355-368
(2019).

B. A. Nickel, J. P. Suraci, A. C. Nisi, C. C. Wilmers, Energetics and fear of humans constrain
the spatial ecology of pumas. Proc. Natl. Acad. Sci. 118, ¢2004592118 (2021).

A. Corradini et al., Effects of cumulated outdoor activity on wildlife habitat use. Biol.
Conserv. 253, 108818 (2021).

M. A. Tucker et al., Moving in the Anthropocene: Global reductions in terrestrial mammalian
movements. Science. 359, 466-469 (2018).

P. Sunde, C. R. Olesen, T. L. Madsen, L. Haugaard, Behavioural responses of GPS-collared
female red deer Cervus elaphus to driven hunts. Wildlife Biol. 15, 454460 (2009).

J. E. Hill, T. L. DeVault, J. L. Belant, A review of ecological factors promoting road use by
mammals. Mamm. Rev. 51, 214-227 (2021).

A. W. Coffin, From roadkill to road ecology: a review of the ecological effects of roads. J.
Transp. Geogr. 15, 396-406 (2007).

M. Bil, R. Andrasik, V. Cicha, A. Arnon, M. Kruuse, J. Langbein, A. Nahlik, M. Niemi, B.
Pokorny, V. J. Colino-Rabanal, COVID-19 related travel restrictions prevented numerous
wildlife deaths on roads: A comparative analysis of results from 11 countries. Biol. Conserv.
256, 109076 (2021).

W. Viechtbauer, Conducting meta-analyses in R with the metafor package. Journal of
Statistical Software, 36(3), 1-48. URL: https://www jstatsoft.org/v36/i03/ (2010).

see Supplementary Materials and Methods.

T. Hale et al., A global panel database of pandemic policies (Oxford COVID-19 Government
Response Tracker). Nat. Hum. Behav. 5, 529-538 (2021).

B. A. Williams et al., Change in terrestrial human footprint drives continued loss of intact
ecosystems. One Earth. 3, 371-382 (2020).

J. K. Rogala, M. Hebblewhite, J. Whittington, C. A. White, J. Coleshill, M. Musiani, Human
activity differentially redistributes large mammals in the Canadian Rockies National Parks.
Ecol. Soc. 16 (2011)

C. M. Prokopenko, M. S. Boyce, T. Avgar, Characterizing wildlife behavioural responses to
roads using integrated step selection analysis. J. Appl. Ecol. 54, 470-479 (2017).

H. Burnett, J. R. Olsen, N. Nicholls, R. Mitchell, Change in time spent visiting and
experiences of green space following restrictions on movement during the COVID-19
pandemic: a nationally representative cross-sectional study of UK adults. BMJ Open. 11,
¢044067 (2021).

D. (Christina) Geng, J. Innes, W. Wu, G. Wang, Impacts of COVID-19 pandemic on urban
park visitation: a global analysis. J. For. Res. 32, 553-567 (2021).

S. S. Patra, B. R. Chilukuri, L. Vanajakshi, Analysis of road traffic pattern changes due to
activity restrictions during COVID-19 pandemic in Chennai. Transp. Lett. 13, 1-9 (2021).

0. Saladié, E. Bustamante, A. Gutiérrez, COVID-19 lockdown and reduction of traffic
accidents in Tarragona province, Spain. Transp. Res. Interdiscip. Perspect. 8, 100218 (2020).
G. Shannon, K. R. Crooks, G. Wittemyer, K. M. Fristrup, L. M. Angeloni, Road noise causes
earlier predator detection and flight response in a free-ranging mammal. Behav. Ecol. 27,
1370-1375 (2016).

F. Shilling et al, A Reprieve from US wildlife mortality on roads during the COVID-19
pandemic. Biol. Conserv. 256, 109013 (2021).

R. Manenti et al., The good, the bad and the ugly of COVID-19 lockdown effects on wildlife
conservation: Insights from the first European locked down country. Biol. Conserv. 249,
108728 (2020).

R. Vardi, O. Berger-Tal, U. Roll, iNaturalist insights illuminate COVID-19 effects on large
mammals in urban centers. Biol. Conserv. 254, 108953 (2021).

B. A. Nickel, J. P. Suraci, M. L. Allen, C. C. Wilmers, Human presence and human footprint
have non-equivalent effects on wildlife spatiotemporal habitat use. Biol. Conserv. 241, 108383
(2020).

M. A. Tucker et al. Supplementary data for Behavioral responses of terrestrial mammals to

17



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

COVID-19 lockdowns. Dryad Dataset, https://doi.org/10.5061/dryad.c59zw3rbd. (2023)

M. A. Tucker et al. Supplementary code for Behavioral responses of terrestrial mammals to
COVID-19 lockdowns. Zenodo Dataset, https://doi.org/10.5281/zenodo.6915169. (2023)

M. A. Tucker et al. Supplementary spatial data for Behavioral responses of terrestrial
mammals to COVID-19 lockdowns. Zenodo Dataset, https://doi.org/10.5281/zenodo.7704108.
(2023)

F. Chambat, B. Valette, Mean radius, mass, and inertia for reference Earth models. Phys. Earth
Planet. Inter. 124, 237-253 (2001).

K. Bjerneraas, B. Van Moorter, C. M. Rolandsen, I. Herfindal, Screening Global Positioning
System Location Data for Errors Using Animal Movement Characteristics. J. Wildl. Manage.
74, 1361-1366 (2010).

J. Meijer, M. A. J. Huijbregts, K. Schotten, A. Schipper, Global patterns of current and future
road infrastructure. Environ. Res. Lett. (2018).

E. Pebesma, Simple Features for R: Standardized Support for Spatial Vector Data. The R
Journal 10, 439-446 (2018)

R. J. Hijmans, geosphere: Spherical Trigonometry. R package version 1.5-10.
https://CRAN.R-project.org/package=geosphere.

R Core Development Team: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.
(2018).

W. Jetz, C. Carbone, J. Fulford, J. H. Brown, The scaling of animal space use. Science. 306,
266-268 (2004).

H. Wilman, J. Belmaker, J. Simpson, C. de la Rosa, M. M. Rivadeneira, W. Jetz, EltonTraits
1.0: Species-level foraging attributes of the world’s birds and mammals. Ecology. 95, 2027
(2014).

C. D. Soria, M. Pacifici, M. Di Marco, S. M. Stephen, C. Rondinini, COMBINE: a coalesced
mammal database of intrinsic and extrinsic traits. Ecology 102, 03344 (2021).

L. Santini, M. Gonzalez-Suarez, D. Russo, A. Gonzalez-Voyer, A. von Hardenberg, L.
Ancillotto, One strategy does not fit all: determinants of urban adaptation in mammals. Ecol.
Lett. 22, 365-376 (2019).

F. Sayol, D. Sol, A. L. Pigot, Brain size and life history interact to predict urban tolerance in
birds. Front. Ecol. Evol. 8, 58 (2020).

S. Benson-Amram, B. Dantzer, G. Stricker, E. M. Swanson, K. E. Holekamp, Brain size
predicts problem-solving ability in mammalian carnivores. Proc. Natl. Acad. Sci. 113, 2532
2537 (2016).

R. Hooper, B. Brett, A. Thornton, Problems with comparative analyses of avian brain size.
bioRxiv, 2021.11.25.469898 (2021).

L. J. Revell, phytools: an R package for phylogenetic comparative biology (and other things).
Methods Ecol. Evol. 3, 217-223 (2012).

J. B. Smaers, A. H. Turner, A. Gémez-Robles, C. C. Sherwood, A cerebellar substrate for
cognition evolved multiple times independently in mammals. Elife. 7, €35696 (2018).

J. R. Burger, M. A. George Jr, C. Leadbetter, F. Shaikh, The allometry of brain size in
mammals. J. Mammal. 100, 276-283 (2019).

N. S. Upham, J. A. Esselstyn, W. Jetz, Inferring the mammal tree: species-level sets of
phylogenies for questions in ecology, evolution, and conservation. PL0S Biol. 17, €3000494
(2019).

K. Didan, MOD13Q1 MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid
V006 [Data set]. NASA EOSDIS Land Processes DAAC. Accessed 2020-06-13 from
https://doi.org/10.5067/MODIS/MOD13Q1.006 (2015).

T. Mueller et al., How landscape dynamics link individual- to population-level movement
patterns: a multispecies comparison of ungulate relocation data. Glob. Ecol. Biogeogr. 20,
683-694 (2011).

W. Viechtbauer, Conducting meta-analyses in R with the metafor package. Journal of
Statistical Software, 36, 1-48. URL: https://www.jstatsoft.org/v36/103/ (2010).

P. Biirkner, brms: An R Package for Bayesian Multilevel Models Using Stan. Journal of

18



57.

58.

59.

60.

Statistical Software, 80, 1-28. doi:10.18637/jss.v080.101 (2018).

A. Benitez-Lopez et al., The impact of hunting on tropical mammal and bird populations.
Science. 356, 180—183 (2017).

A. Gelman, D. B. Rubin, Inference from iterative simulation using multiple sequences. Stat.
Sci. 7, 457-472 (1992).

S. Muff, E. B. Nilsen, R. B. O’Hara, C. R. Nater, Rewriting results sections in the language of
evidence. Trends Ecol. Evol. (2021).

R. P. Freckleton, P. H. Harvey, M. Pagel, Phylogenetic analysis and comparative data: A test
and review of evidence. Am. Nat. 160, 712—-726 (2002).

19



