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Animal movement is fundamental for ecosystem functioning and species survival, yet the 

effects of the anthropogenic footprint on animal movements have not been estimated across 

species. Using a unique GPS-tracking database of 803 individuals across 57 species, we 

found that mammalian movements in areas with a comparatively high human footprint 

were on average two-to-three times smaller than those in areas with a low human footprint. 

We attribute this reduction to both behavioral changes of individual animals and the 

exclusion of species with long-range movements from areas with higher human impact. 

Global loss of vagility alters a key ecological trait of animals that not only affects population 

persistence, but also ecosystem processes, such as predator-prey interactions, nutrient 

cycling, and disease transmission. 

With approximately 50-70% of the Earth’s land surface currently modified for human 

activities (1), patterns of biodiversity and ecosystem functions worldwide are changing (2). The 

expanding footprint of human activities is not only causing the loss of habitat and biodiversity, 

but also affects how animals move through fragmented and disturbed habitats. The extent to 

which animal movements are affected by anthropogenic changes in the structure and composition 

of landscapes and resource changes has only been explored in local geographic regions or within 

single species. Such studies typically report decreasing animal movements, for example due to 

habitat fragmentation, barrier effects or resource changes (3–6), with only a few studies reporting 

longer movements as a result of habitat loss or altered migration routes (7, 8). Here we conducted 

a global comparative study examining how the human footprint affects movements of terrestrial 

non-volant mammals using Global Positioning System (GPS) location data of 803 individuals 

from 57 mammal species (Fig. 1 and Table S2). Mean species’ mass ranged from 0.49 to 3940 kg 

and included herbivores, carnivores, and omnivores (n = 28, 11, and 18 species, respectively). 

Abstract
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Fig. 1 Locations from the GPS tracking database and the Human Footprint Index. 

(A) GPS relocations of 803 individuals across 57 species plotted on the global map of the Human Footprint Index (HFI) spanning from 0 (low; yellow) to 50 (high; red). (B) 

Examples of landscapes under HFI = 2 (the Pantanal, Brazil), HFI = 20 (Bernese Alps, Switzerland), HFI = 30 (Freising, Germany), and HFI = 42 (Albany, New York). (C) 

Species averages of 10-day long-distance displacement (0.95 quantile of individual displacements). Species (from top to bottom): Mongolian wild ass (Equus hemionus 

hemionus), Mongolian gazelle (Procapra gutturosa), giraffe (Giraffa camelopardalis), wolverine (Gulo gulo), muskox (Ovibos moschatus), African forest elephant 

(Loxodonta africana cyclotis), African buffalo (Syncerus caffer), wolf (Canis lupus), brown bear (Ursus arctos), maned wolf (Chrysocyon brachyurus), coyote (Canis 

latrans), leopard (Panthera pardus), wildcat (Felis silvestris), yellow baboon (Papio cynocephalus), tapir (Tapirus terrestris), roe deer (Capreolus capreolus), wild boar (Sus 

scrofa), European hare (Lepus europaeus), brushtail possum (Trichosurus vulpecula). 
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For each individual, we annotated locations with the Human Footprint Index (HFI), an index with  

a global extent that combines multiple proxies of human influence: the extent of built  

environments, crop land, pasture land, human population density, night-time lights, railways,  

roads and navigable waterways (9) (see Supplementary Methods for details). The HFI ranges  

from 0 (natural environments: e.g., the Brazilian Pantanal) to 50 (high-density built  

environments: e.g., New York City).  

In addition to the human footprint, we included other covariates that are known to  

influence mammalian movements. First, mammals generally move farther in environments with  

lower productivity, because individuals may need to cover a larger area to gather sufficient  

resources (10). To capture this effect, we annotated locations with the Normalized Difference  

Vegetation Index (NDVI), a well-established, satellite-derived measure of resource abundance  

for herbivores and carnivores alike (11). Second, an allometric scaling relationship shows that  

animals of greater body size usually move farther (12), and third, diet may influence movements  

due to differences in foraging costs and availability of resource types (13, 14). To capture these  

effects, we annotated the database with species averages for body size, and dietary guild (i.e.,  

carnivore, herbivore or omnivore).  

 We then calculated displacements as the distance between subsequent GPS locations of  

each individual at nine time scales (15) ranging from one hour to ten days. For each individual at  

each time scale, we calculated the 0.5 and the 0.95 quantiles of displacement. The combination of  

different time scales and quantiles allowed us to examine the effect of the human footprint on  

both the median (0.5 quantile) and long-distance (0.95 quantile) movements for within-day  

movements (e.g., 1-hour time scale) up to longer time displacements of over one week (e.g., 10- 

day time scale). We used linear mixed effects models that, in addition to all covariates (i.e.,  

11



NDVI, body mass, diet), also accounted for taxonomy and spatial autocorrelation (see 

Supplementary Methods for details).  

We found strong negative effects of the human footprint on median and long-distance 

displacements of terrestrial mammals (Fig. 2a and b, Fig. 3a and Supplementary Table S3). 

Displacements of individuals (across species) living in areas of high human footprint (HFI = 36) 

were up to three times shorter than displacements of individuals living in areas of low human 

footprint (HFI = 0). For example, median displacements over ten days were 3.3 km (± SE: 1.4 

km) in areas of high human footprint vs. 6.9 km (± SE: 1.3 km) in areas of low footprint (Fig. 2a, 

Table Supplementary Table S3). Likewise, the maximum displacement distances at the 10-day 

scale averaged 6.6 km (± SE: 1.4 km) in areas of high vs. 21.5 km (± SE: 1.4 km) in areas of low 

human footprint (Fig. 2a, Supplementary Table S3). The effect was significant on all temporal 

scales with more than eight hours between locations.  

The effect was not significant at shorter time scales (Fig. 3a, 1 - 4h), suggesting that the 

human footprint affects ranging behavior and area use over longer time scales, rather than 

altering individual travel speeds (i.e., individuals may travel at the same speed if measured across 

short time intervals, but have more tortuous movements in areas of higher human footprint and 

thus remain in the same locale if displacement is measured across longer time intervals). 

Reduction in movement may be due to an (1) individual-behavioral effect, where 

individuals alter their movements relative to the human footprint, or (2) a species-occurrence 

effect, where certain species that exhibit long-range movement simply do not occur in areas of 

high human footprint. To disentangle these two effects, we ran additional models where we 

separated the HFI into two components: (1) the individual-behavioral effect represented by the 

individual variability of HFI relative to the species mean (i.e., the individual HFI minus the 

species mean HFI), and (2) the species-occurrence effect as the mean HFI for each species. 

12



Fig. 2 Mammalian displacement in relation to the Human Footprint Index. 

(A) Median displacements; (B) long-distance (0.95 quantile) displacements. Both displacements decline with increasing HFI at the 10-day scale (n = 48 species and 624 

individuals). Plots include a smoothing line from a locally weighted polynomial regression. An HFI value of 0 indicates areas of low human footprint; a value of 40 

represents areas of high human footprint. 
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Fig. 3 Model coefficients (with confidence intervals) of linear mixed-effects models predicting mammalian displacements. 

Coefficient values are shown for (A) Human Footprint Index (HFI), (B) Normalized Difference Vegetation Index (NDVI), and (C) body mass. Models were run for the 

median (blue) and long-distance (0.95 quantile; red) displacements of each individual calculated across different time scales. Where the error bars cross the horizontal line, 

the effect is not significant. See table S3 for details. 
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Results from the two-component model indicate behavioral as well as species effects. We found a 

significant behavioral effect on median displacements and on long-distance displacements (0.95 

quantiles) at most timescales (from eight hours to ten days) (Supplementary Fig. 2a, 

Supplementary Table S4). The species-occurrence effect was significant only over longer 

timescales (128 and 256 hour periods or 5 and 10 days, respectively) (Supplementary Fig. 2b, 

Supplementary Table S4). However, we note that the estimate of the species-occurrence effect is 

conservative because our model incorporated taxonomy as a random effect. Some variability in 

the data may have been accounted for by the species-level random effect rather than the species-

level HFI (see Table S3).  

In addition to the human footprint effect, body mass, dietary guild, and resource 

availability were also related to movement distances. First, as expected from allometric scaling 

and established relationships of body size with home range size (14) and migration distance (16), 

larger species travelled farther than smaller species (Fig. 3c, Supplementary Table S3 and S4). 

Second, we found a negative relationship between resource availability and displacement 

distance such that movements were on average shorter in environments with higher resources 

(Fig. 3b, Supplementary Table S3 and S4). These results are consistent with reports of larger 

home range size (17) and longer migration distance (18) in mammals living in resource-poor 

environments. Finally, our analyses showed that carnivores travelled on average farther per unit 

time than herbivores and omnivores (Supplementary Table S3 and S4). These results concur with 

prior understanding that carnivores have larger home range sizes (14) because they need to find 

mobile prey and compensate for energy conversion loss through the food web. For all of these 

variables, effects were significant across time scales longer than eight hours for both median and 

long-distance displacements. 
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The reduction of mammalian movements in areas of high HFI likely stems from two non-

exclusive mechanisms; 1) movement barriers such as habitat change & fragmentation  (19, 20);  

and 2) reduced movement requirements due to enhanced resources (e.g., crops, supplemental 

feeding and water sources (5, 21)). Studies have shown both mechanisms at work with varying 

responses across populations or species (see Supplementary Table S5 for examples). In some 

cases, they act together on single individuals or populations – for example, red deer in Slovenia 

have smaller home ranges due to the enhancement of resources via supplemental feeding and the 

disturbance and fragmentation caused by the presence of roads (22). 

While these mechanisms can have differential effects on population densities (i.e., 

increases under supplementation (23) and decreases under fragmentation (24)) the consequences 

of reduced vagility affects ecosystems regardless of the underlying mechanisms and go far 

beyond the focal individuals themselves. Animal movements are essential for ecosystem 

functioning as they act as mobile links (25) and mediate key processes such as seed dispersal, 

food-web dynamics including herbivory and predator-prey interactions, and metapopulation- and 

disease dynamics (26). Single species or single site studies have shown the severe effects of 

reduced vagility on these processes (27, 28). The global nature of reduced vagility across 

mammalian species that we demonstrate here suggests consequences for ecosystem functioning 

worldwide. Future landscape management should include animal movements as a key 

conservation metric and aim towards maintaining landscape permeability. Ultimately, because of 

the critical role of animal movement for human-wildlife coexistence (29) and disease spread (30), 

effects of reduced vagility may go beyond ecosystem functioning and directly affect human well-

being.  

16



References 

1. A. D. Barnosky et al., Approaching a state shift in Earth’s biosphere. Nature. 486, 52–58
(2012).

2. J. A. Foley et al., Global consequences of land use. Science. 309, 570–574 (2005).
3. H. Sawyer et al., A framework for understanding semi-permeable barrier effects on

migratory ungulates. J. Appl. Ecol. 50, 68–78 (2013).
4. S. Saïd, S. Servanty, The influence of landscape structure on female roe deer home-range

size. Landsc. Ecol. 20, 1003–1012 (2005).
5. S. Prange, S. D. Gehrt, E. P. Wiggers, Influences of anthropogenic resources on raccoon

(Procyon lotor) movements and spatial distribution. J. Mammal. 85, 483–490 (2004).
6. B. Jedrzejewska, H. Okarma, W. Jedrzejewski, L. Milkowski, Effects of exploitation and

protection on forest structure, ungulate density and wolf predation in Bialowieza Primeval
Forest, Poland. J. Appl. Ecol. 31, 664–676 (1994).

7. L. A. Tigas, D. H. Van Vuren, R. M. Sauvajot, Behavioral responses of bobcats and
coyotes to habitat fragmentation and corridors in an urban environment. Biol. Conserv.
108, 299–306 (2002).

8. J. Lenz et al., Seed-dispersal distributions by trumpeter hornbills in fragmented
landscapes. Proc. R. Soc. London B Biol. Sci. 278, 2257–2264 (2011).

9. O. Venter et al., Sixteen years of change in the global terrestrial human footprint and
implications for biodiversity conservation. Nat. Commun. 7 (2016).

10. 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).

11. N. Pettorelli et al., The Normalized Difference Vegetation Index (NDVI): unforeseen
successes in animal ecology. Clim. Res. 46, 15–27 (2011).

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

13. B. K. McNab, The influence of food habits on the energetics of Eutherian mammals. Ecol.
Monogr. 56, 1–19 (1986).

14. M. A. Tucker, T. J. Ord, T. L. Rogers, Evolutionary predictors of mammalian home range
size: body mass, diet and the environment. Glob. Ecol. Biogeogr. 23, 1105–1114 (2014).

15. J. M. Rowcliffe, C. Carbone, R. Kays, B. Kranstauber, P. A. Jansen, Bias in estimating
animal travel distance: the effect of sampling frequency. Methods Ecol. Evol. 3, 653–662
(2012).

16. A. M. Hein, C. Hou, J. F. Gillooly, Energetic and biomechanical constraints on animal
migration distance. Ecol. Lett. 15, 104–110 (2012).

17. N. Morellet et al., Seasonality, weather and climate affect home range size in roe deer
across a wide latitudinal gradient within Europe. J. Anim. Ecol. 82, 1326–1339 (2013).

18. C. S. Teitelbaum et al., How far to go? Determinants of migration distance in land
mammals. Ecol. Lett. 18, 545–552 (2015).

19. J. F. Kamler et al., Habitat use, home ranges, and survival of swift foxes in a fragmented
landscape: conservation implications. J. Mammal. 84, 989–995 (2003).

20. L. Fahrig, Non-optimal animal movement in human-altered landscapes. Funct. Ecol. 21,
1003–1015 (2007).

21. J. D. Jones et al., Supplemental feeding alters migration of a temperate ungulate. Ecol.
Appl. 24, 1769–1779 (2014).

22. K. Jerina, Roads and supplemental feeding affect home-range size of Slovenian red deer

17



more than natural factors. J. Mammal. 93, 1139–1148 (2012). 
23. J. S. Gilchrist, E. Otali, The effects of refuse-feeding on home-range use, group size, and

intergroup encounters in the banded mongoose. Can. J. Zool. 80, 1795–1802 (2002).
24. A. Benítez-López, R. Alkemade, P. A. Verweij, The impacts of roads and other

infrastructure on mammal and bird populations: a meta-analysis. Biol. Conserv. 143,
1307–1316 (2010).

25. J. Lundberg, F. Moberg, Mobile link organisms and ecosystem functioning: implications
for ecosystem resilience and management. Ecosystems. 6, 87–98 (2003).

26. S. Bauer, B. J. Hoye, Migratory animals couple biodiversity and ecosystem functioning
worldwide. Science. 344 (2014).

27. I. Hanski, O. Ovaskainen, The metapopulation capacity of a fragmented landscape. Nature.
404, 755–758 (2000).

28. B. F. Allan, F. Keesing, R. S. Ostfeld, Effect of forest fragmentation on Lyme disease risk.
Conserv. Biol. 17, 267–272 (2003).

29. M. D. Graham, I. Douglas-Hamilton, W. M. Adams, P. C. Lee, The movement of African
elephants in a human-dominated land-use mosaic. Anim. Conserv. 12, 445–455 (2009).

30. J. M. Hassell, M. Begon, M. J. Ward, E. M. Fèvre, Urbanization and disease emergence:
Dynamics at the wildlife–livestock–human interface. Trends Ecol. Evol. 32, 55–67 (2017).

18



Acknowledgements Funding was provided by the Robert Bosch Foundation and additional 

funding sources (see Supplementary Text). The data reported in this paper are available at 

datadryad.org (doi:xxx). M.A.T., T.M, K.B.-G., W.F.F., J.M.F., and B.M conceived the 

manuscript, M.A.T. and T.M. conducted the analyses and wrote the first manuscript draft. Co-

authors contributed data sets and assisted with writing the final version of the manuscript.  

Supplementary Materials: 
Materials and Methods 

Supplementary Text 

Figures S1-S2 

Tables S1-S5 

References (31-94) 

19




