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Increasing forest disturbance enhances habitat 
suitability for Europe’s large herbivores
 

Forest disturbances have increased in many regions, but how they impact 
habitat suitability for wildlife remains poorly understood. Here, by 
combining tracking data on 3,069 individuals of four ungulate species 
(European bison, moose, red deer and roe deer) with satellite-based maps, 
we perform a continental, multi-decadal assessment of large herbivore 
responses to forest disturbance. Despite strong intraspecific variation, all 
species show an increased selection of disturbed areas for ≥35 years after 
disturbance. Although the patterns closely reflect species-specific foraging 
strategies, all species selected more strongly for smaller disturbance 
patches, depending on the availability of alternative foraging habitats 
(grasslands and croplands). Model projections across the species’ range 
extents show positive but regionally varying effects of forest disturbances 
on habitat suitability between 2000 and 2023. Our findings indicate that 
forest disturbances can attract large herbivores and that the recent increase 
in forest disturbances improved habitat suitability for our study species 
across Europe, highlighting the importance of considering long-term 
disturbance-related dynamics for wildlife and forest management. Given 
expected future increases in disturbance, resulting habitat improvements 
could amplify conflicts with forestry, but also contribute to restoring large 
herbivores and their ecological functions.

Forest disturbances, caused by natural agents (for example, storms, 
fire or insects) or forest management (for example, clear cutting or 
salvage logging) drive forest dynamics and have long-lasting effects 
on carbon cycling, biodiversity and forest structure1–3. Over recent 
decades, intensifying forest use and higher rates of natural distur-
bances—attributed primarily to climatic extremes4,5—have caused a 
drastic increase in the extent of forest disturbances in some regions6,7. 
For example, canopy mortality doubled in Europe’s temperate forests 
between 1984 and 2016 (ref. 8) and the forest area disturbed by fires 
globally was 2.2 times greater in 2023–2024 than the long-term aver-
age since 2001 (ref. 9). In addition, forest disturbances are expected 
to further increase under climate change10.

Large herbivores play key roles in shaping forest ecosystems and 
are also of considerable cultural and economic importance11–13. Forest 
disturbances may strongly impact large herbivore habitat suitability, 
since they directly affect the fundamental trade-off faced by many large 

herbivores between accessing forage and cover14. By killing canopy trees, 
forest disturbances increase light availability in the understory, encourag-
ing the growth of early-successional plants and resulting in higher forage 
availability for many species15,16. Due to the seasonal variation in foraging 
preferences17, the suitability of disturbed areas for large herbivores may 
vary considerably throughout the year18. Disturbances can intermittently 
reduce the availability of vegetation cover and create open habitats 
in which animals are exposed to predation, human activities, thermal 
extremes and snow19–21. Yet, depending on disturbance characteristics 
(for example, disturbance patch size and remaining deadwood) and vege-
tation recovery, disturbed areas can provide habitats offering both forage 
and cover22. Thus, large herbivore responses to forest disturbance can be 
expected to strongly depend on species’ feeding ecology and disturbance 
characteristics and further show considerable seasonal variation.

Understanding large herbivore responses to forest disturbance 
is critical due to the strong impact of herbivory in disturbed areas, 

Received: 10 October 2025

Accepted: 30 April 2026

Published online: 26 June 2026

 Check for updates

 e-mail: julian.oeser@gmail.com

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

http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-026-03096-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41559-026-03096-0&domain=pdf
mailto:julian.oeser@gmail.com


Nature Ecology & Evolution | Volume 10 | July 2026 | 1273–1286 1274

Article https://doi.org/10.1038/s41559-026-03096-0

as browsing can inhibit tree regeneration and alter species composi-
tion23. High browsing intensities often create conflicts with forestry24, 
but herbivory may also contribute to maintaining open habitats, with 
potential positive effects on biodiversity and ecosystem resilience25,26. 
A better understanding of how forest disturbances shape large herbi-
vore habitat suitability is thus important to inform debates about how 
large herbivore management may contribute to forestry and forest 
restoration goals.

Although several studies have examined the effects of forest dis-
turbance on large herbivore species at local or regional scales18,22,24, our 
understanding remains limited due to a lack of systematic assessments 
covering broad spatial extents, multiple species and long time periods. 
Thus, it also remains unclear how large herbivore habitat suitability 
has changed in regions that have experienced marked increases in 
forest disturbances over recent decades. Increasing disturbance rates 
may benefit large herbivores that capitalize on early-successional 
vegetation18, but extensive forest disturbance has also been identified 
as a threat to some large herbivore populations27,28. The growing avail-
ability of animal tracking data collected from a wide range of large her-
bivore populations29, along with improved characterizations of forest 
disturbance dynamics from satellite time series30,31, provides tremen-
dous but so far untapped opportunities to fill these knowledge gaps18.

In this Article, we describe a continental-scale, multi-species and 
long-term assessment of forest disturbance impacts on large herbi-
vore habitat selection and suitability across Europe. We focused on 
four native large herbivore species with wide potential natural ranges 
(that is, the European bison (Bison bonasus), moose (Alces alces), red 
deer (Cervus elaphus) and roe deer (Capreolus capreolus)), reflecting 
gradients in terms of foraging strategies17. European forests are heavily 
managed, with few intact old-growth forests32, and a majority of distur-
bances are caused by human forest use33. Forest disturbances in Europe 
have increased markedly over recent decades7,8,30, with increasing 
natural disturbances and intensifying forest use interacting as drivers33. 
Over the same period, the populations of red deer and roe deer have 
grown considerably34, intensifying human–wildlife conflicts and raising 
concerns about potential negative impacts on forest regeneration35,36. 
Europe’s largest herbivores, European bison and moose, remain absent 
from large parts of their former ranges, but have been recovering and 
expanding their distributions recently37, providing opportunities for 
restoring their ecological roles38,39. In our analysis, we addressed the 
following research questions:

	(1)	 How do large herbivores respond to forest disturbances over 
time and how do responses vary across seasons, disturbance 
characteristics and environmental gradients?

	(2)	How did recent forest disturbance dynamics alter habitat suit-
ability for large herbivores across species’ current and potential 
range extents?

Results
Temporal responses to forest disturbance
We used one of the largest animal-tracking datasets hitherto compiled 
for large herbivores (3,069 tracked animals and 19.3 million locations; 
Extended Data Figs. 1 and 2, and Table 1) to build habitat selection 

models for European bison, moose, red deer and roe deer based on 
the random forest algorithm. We characterized habitat dynamics based 
on datasets derived from satellite image time series, including annual, 
high-resolution maps of forest disturbances31, spectral vegetation indi-
ces18 and other environmental predictors (Extended Data Table 1). The 
forest disturbance maps captured stand-replacing forest disturbance 
events at 30 m spatial resolution annually between 1986 and 2023. In 
the context of our analysis, we considered all areas with a detected 
disturbance event as disturbed forest; all other areas were considered 
undisturbed forest. Using selection strength as an indicator of relative 
habitat suitability40, we created monthly predictions of habitat suitabil-
ity between 2000 and 2023 across representative samples of disturbed 
and undisturbed forest areas within the species’ current and potential 
range extents (that is, estimates of where species would occur without 
human influence) in Europe. To assess the species-specific responses 
to forest disturbances over time, we summarized habitat suitability 
dynamics after disturbances, focusing on the current range extents of 
species. To aid comparability across species, we quantified suitability 
changes as relative changes after disturbance and expressed effects in 
standard deviations of forest habitat suitability.

All four species showed strong intraspecific variation, but with 
overall positive responses to forest disturbance (Fig. 1). On average, 
the increase in habitat suitability following disturbance was highest 
for moose (up to 1.43 standard deviations in median annual suitability), 
followed by red deer (1.14), European bison (0.93) and roe deer (0.46). 
For European bison and roe deer, the increase in habitat suitability 
was highest immediately after a disturbance event, with a relatively 
rapid decrease for European bison and a plateau for ~5–7 years after 
disturbance for roe deer. In contrast, there was a delay in the response 
of red deer and moose, for which the suitability of disturbed areas 
was highest ~10–20 years after the disturbance event. For all species 
except moose, the habitat suitability of disturbed areas was highest 
during the growing season (around May to November). Despite overall 
positive responses, our models predicted decreased habitat suitability 
compared with pre-disturbance conditions in 36, 29, 17 and 13% of 
cases for roe deer, European bison, red deer and moose, respectively 
(Extended Data Fig. 3). Responses to forest disturbance were highly 
similar for males and females across all species (Extended Data Fig. 4).

Influence of disturbance characteristics and environmental 
gradients
We calculated partial dependence plots (PDPs) for our models to assess 
how disturbance characteristics and environmental gradients influ-
enced the habitat selection of disturbed and undisturbed forest areas.

All species showed a stronger selection of smaller disturbance 
patches (with a relative effect on suitability of up to 0.3–0.7 standard 
deviations across species), although roe deer and European bison 
selected considerably smaller disturbance patches than moose and 
red deer (Fig. 2). In addition, all species selected disturbed areas more 
strongly when the disturbance severity was high (that is, more of the for-
est canopy was removed; the relative effect on suitability was up to 0.2–
0.7 standard deviations). The occurrence of disturbance agents varied 
strongly in our dataset, with harvests being the most common  agent 

Table 1 | Overview of the global positioning system tracking data

Species Study sites Animals (female/male) Monitoring period Mean sampling rate 
(h)

Raw locations Used locations

European bison 14 228 (175/53) 2005–2023 7.86 2,389,076 113,531

Moose 21 768 (592/176) 2004–2022 12.1 1,858,537 397,920

Red deer 39 918 (685/233) 1997–2023 2.28 8,203,505 427,658

Roe deer 31 1143 (713/430) 2002–2023 2.88 6,854,404 709,553

The number of animals per species and used locations correspond to the filtered datasets used for training habitat selection models, whereas the raw locations correspond to the full, 
unfiltered data.
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Fig. 1 | Responses of four large herbivore species to forest disturbances over 
time in Europe. To facilitate comparisons across species, disturbance responses 
are shown as relative changes in the standardized habitat suitability compared 
with the 5-year average before a disturbance event, where standardization is 
based on the distribution of forest habitat suitability in the year 2000.  

a, Long-term disturbance responses of habitat suitability, with the black line 
indicating median suitability and the grey ribbons the 10–90th, 25–75th and 
40–60th percentile ranges, respectively. b, Seasonal variation in disturbance 
responses, calculated as medians by month (note that the colour scales vary by 
species to better highlight seasonal variation).

 and fire disturbances being particularly rare (37–79 versus 0.1–1.4% of 
all disturbances within the tracking data extents per species, respec-
tively; Supplementary Fig. 1). PDPs mostly did not indicate clear dif-
ferences among disturbance agents. Even so, European bison showed 
a weaker selection for areas disturbed by bark beetles and/or wind 
compared with other agents, whereas red deer showed a weaker selec-
tion for fire disturbances (Fig. 2). The selection for disturbed areas was 
also influenced by their availability (with a relative effect on suitability 
of up to 0.5–1.0 standard deviations): red deer and roe deer selected 
disturbed areas most strongly when they were rare within their home 
range, whereas moose and European bison showed the strongest selec-
tion given an intermediate availability.

In most cases, the responses to environmental variables were 
similar in recently disturbed versus undisturbed forest areas (Extended 

Data Figs. 5–8). The suitability of both disturbed and undisturbed for-
est areas strongly depended on local environmental characteristics 
and landscape composition (with relative effects on suitability of up 
to 1.1–2.0 standard deviations), with consistently negative responses 
to low vegetation greenness, high levels of human pressure and highly 
rugged terrain (Supplementary Note 1 provides a detailed summary of 
environmental effects). Red deer, moose and roe deer selected recently 
disturbed areas more strongly when the availability of other open 
habitat types (that is, croplands and/or grasslands) within their home 
range was very low. European bison showed the strongest selection for 
recently disturbed areas in landscapes with high tree cover and a low 
availability of grasslands.

Broad-scale indicators of carnivore presence derived from dis-
tribution surveys of wolf (Canis lupus), brown bear (Ursus arctos) and 

http://www.nature.com/natecolevol
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Eurasian lynx (Lynx lynx) generally had weak influence on the selec-
tion of recently disturbed areas (Extended Data Fig. 9). Carnivore 
presence was associated with lower suitability for all species except 
European bison (with relative effects on suitability of <0.1 standard 
deviations), with the strongest negative effects of bear presence 
on moose, wolf presence on red deer and lynx presence on roe deer 
(with relative effects of up to 0.3 standard deviations in all cases). 
According to PDPs, the relative effect of carnivore presence tended 
to be weakest in recently disturbed areas and highest 5–25 years after 
the disturbance.

Habitat suitability dynamics due to forest disturbances
We carried out a second, counterfactual prediction to assess how 
recent forest disturbance dynamics have contributed to habitat suit-
ability dynamics for each study species. Specifically, we projected 
models across the species’ current and potential range extents for 
the period 2000–2023 and kept all variables unrelated to forest dis-
turbance dynamics (for example, climate, land cover, human pressure 

and carnivore presence) at 2023 conditions. We used this approach to 
isolate and quantify the contribution of forest disturbance to habitat 
suitability dynamics. Models used for these projections were built 
without information on time since disturbance to avoid truncation 
bias due to a lack of information on forest disturbances before 1986.

According to model projections, forest disturbances improved 
habitat suitability for all four large herbivore species between 
2000 and 2023 across their current and potential ranges (Fig. 3). 
Disturbance-induced improvements in habitat suitability across the 
species’ current ranges were highest for moose (0.75 standard devia-
tions within disturbed areas and 0.22 standard deviations across all 
forest areas), followed by red deer (0.88 and 0.15), European bison 
(0.49 and 0.06) and roe deer (0.24 and 0.04). Disturbance rates (that 
is, the percentage of forest area disturbed per year) across the current 
ranges were highest for moose (mean = 0.97% yr−1), followed by roe 
deer (0.81% yr−1), red deer (0.76% yr−1) and European bison (0.70% yr−1) 
(Fig. 3). Habitat suitability dynamics for all species showed similar pat-
terns whether considering current or potential range extents.
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Fig. 2 | Influence of disturbance characteristics on relative habitat suitability 
across time since disturbance. The effects were estimated based on PDPs of 
habitat selection models. Disturbance severity reflects the difference in the 
normalized burn ratio (NBR), averaged at the scale of disturbance patches. PDPs 
were centred by subtracting the average suitability per year since disturbance 
to focus on the mediating effects of disturbance characteristics. Suitability was 
standardized based on forest habitat suitability in the year 2000 to facilitate 

comparisons across species. The y axis ranges vary across species due to the 
different environmental extents of tracking datasets. Value combinations not 
represented in our dataset are masked to avoid extrapolating models to empty 
data space and are displayed in grey colour. BB, bark beetle. Animal silhouettes 
from PhyloPic under a Creative Commons license: C. elaphus and C. capreolus, 
Ferran Sayol (CC0 1.0); A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver 
(PDM 1.0).
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Model projections revealed considerable regional variation in 
disturbance-related habitat suitability dynamics (Fig. 4). Increases 
in habitat suitability for all species were most pronounced across  
Fennoscandia, the western Iberian Peninsula and parts of Central Europe, 
and generally corresponded to regions experiencing the highest forest 
disturbance rates between 2000 and 2023. Among grid cells covering 
potential ranges, 98, 94, 85 and 75% experienced habitat suitability 
increases due to forest disturbance for red deer, moose, European bison 
and roe deer, respectively. Among grid cells covering current ranges, the 
strongest increases in habitat suitability (calculated as changes across 
all forest areas) were 0.80, 0.57, 0.45 and 0.36 standard deviations for 
moose, red deer, roe deer and European bison, respectively.

Discussion
Despite the strong links between forest disturbances, vegetation 
dynamics and large herbivores, it remains poorly understood how 
forest disturbances impact large herbivore habitats across species, sea-
sons and over long time periods. Providing a broad-scale and long-term 
assessment of forest disturbance effects on large herbivore habitat 
selection, we reveal overall positive and long-lasting effects on habi-
tat suitability for the four study species. Yet, disturbance responses 
showed considerable variation with local environmental conditions, 
landscape composition and disturbance characteristics. Our findings 
suggest that habitat selection of disturbed forest areas is species spe-
cific and primarily governed by differences in feeding ecology, high-
lighting the importance of disturbed areas as key foraging habitats for 
large herbivores. Our model projections across current and potential 
range extents indicate that the recent increase in forest disturbances 

considerably improved habitat conditions for large herbivores in 
Europe. This highlights the underappreciated role of forest disturbance 
as a key driver of wildlife habitat dynamics. Considering these impacts 
in both wildlife and forest management will be important given the 
widespread intensification of forest disturbance regimes.

The large herbivore responses to forest disturbances we found 
align well with differences in feeding ecology among species. The 
marked selection of recently disturbed areas during the growing sea-
son by red deer, roe deer and European bison is in line with higher 
consumption of non-browse vegetation during summer by these 
species17,41. In contrast, moose selected recently disturbed areas most 
intensively during winter, matching the species’ strong preference for 
browsing in young forests during winter42. Differences in the duration 
of habitat suitability improvements among browsing species (that is, 
moose, red deer and roe deer) could be explained by relative differ-
ences in browsing height, making older and thus larger trees available 
to moose but not to other species43. However, the more persistent 
use of disturbed areas may partly also be attributable to slower for-
est regeneration in areas inhabited by moose (that is, higher-latitude 
forests). The response of European bison, with a clear peak in habitat 
suitability in the first few years after a disturbance event, matches well 
with its preference for grazing and browsing on pioneer woody spe-
cies such as Rubus species41, whereas the continued selection beyond 
this initial peak may reflect a preference for relatively low and open 
forest stands44,45. Thus, our results suggest that foraging preferences 
are the main factor driving habitat selection of disturbed forest areas 
and highlight their importance as important foraging habitats for 
large herbivores.
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For roe deer, the trend lines are overlapping due to the current and potential 
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Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0);  
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Our analysis covered the largest native strict herbivores with 
potential natural ranges spanning much of Europe, reflecting a large 
gradient in dietary niches17. Despite considerable intraspecific variation 
and decreases in habitat suitability after disturbance in some cases, we 
found overall positive responses by all species, in line with previous 
local assessments15,46. Yet, we caution that some large herbivores with a 
strong dependence on mature forests may respond negatively to forest 
disturbances (for example, reindeer (Rangifer tarandus), depending on 
undisturbed forest for lichens as key food items during winter47). Local 
studies from North America found varying responses across species, 
disturbance types and seasons48–50, whereas forest disturbance impacts 
on large herbivores in other forested biomes remain understudied51,52. 
Thus, more broad-scale and multi-species assessments are needed to 
better understand how large herbivores respond to forest disturbances 
in other regions.

Our dataset covering large parts of the species’ distributions in 
Europe allowed us to uncover important sources of variation in distur-
bance responses, including local environmental conditions, landscape 
composition and disturbance characteristics. All species preferred 
smaller disturbance patches. This is in line with findings for other 
large herbivores (for example, white-tailed deer (Odocoileus virgin-
ianus) in North America)53. In addition to a more direct accessibility 

of vegetation cover, smaller disturbance patches also typically offer 
better foraging conditions due to slower maturation and improved 
forage quality (lower carbon:nitrogen ratio)53. Thus, small disturbance 
patches create easily accessible edge habitats46, which may be the best 
solution to the forage–cover trade-off for many large herbivores22. 
Disturbances in our dataset were dominated by harvests and bark 
beetle or wind disturbances, accounting for more than 90% of distur-
bance events across species. We observed relatively little variation 
in habitat selection across disturbance agents, such as the relative 
avoidance of wildfire-related disturbances by red deer, matching pre-
vious findings54, and bark beetle and wind disturbances by European 
bison. However, we caution that our dataset was not well suited for 
characterizing varying impacts of disturbance agents due to frequent 
post-disturbance management in European forests33. Since standing 
and lying deadwood resulting from natural disturbances is commonly 
removed, agent-specific impacts may be masked by management and 
thus underestimated by our analysis. Post-disturbance management 
interventions such as salvage logging or tree planting can influence 
forage availability, vegetation cover and movement barriers created by 
deadwood55. To better understand the effects of post-disturbance man-
agement and disentangle the impacts of disturbance agents and asso-
ciated characteristics, studies focusing on unmanaged disturbances 
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(for example, in protected areas) or integrating fine-scale datasets on 
post-disturbance management measures are needed18.

Our models indicated strong variation across environmental gra-
dients and overall similar responses by species inside disturbed and 
undisturbed forest areas. This suggests that large herbivore selection 
of disturbed forest areas is strongly influenced by more broad-scale 
selection patterns determining the suitability of forest areas more 
generally. We found that responses to environmental variables in our 
study matched well with previous findings on habitat selection by our 
study species (for example, the avoidance of habitats characterized by 
low vegetation productivity, high human pressure and highly rugged 
terrain; Supplementary Note 1). Variables capturing landscape com-
position were also important predictors in our models. For example, 
all species selected recently disturbed areas more strongly when the 
availability of other open habitat types (that is, grasslands and/or 
croplands) was very low. These patterns highlight plasticity in large 
herbivore use of disturbed forest areas in relation to the landscape 
context, with selection depending on the availability of alternative 
foraging habitats.

Due to the continental and multi-decadal extent of our analysis, 
we could not assess the fine-scale effects of some drivers that are prob-
ably important in mediating the suitability of disturbed areas for large 
herbivores. We found only weak associations between broad-scale 
distribution maps for large carnivores and habitat selection by our 
study species (that is, relative effects on habitat suitability of up to 0.3 
versus up to 2.0 standard deviations for other variables). Our models 
indicated negative effects of carnivore presence on large herbivore 
habitat suitability, with the strongest relative effects being bear pres-
ence on moose, wolf presence on red deer and lynx presence on roe 
deer. These are plausible patterns given the expected dominant preda-
tor–prey relationships between these pairs of species56–58. According 
to our models, carnivore effects were weaker in recently disturbed 
areas and strongest ~5–25 years after disturbance, which may point 
towards increased predation risk and decreased selection associated 
with densely vegetated re-growing stands59. Available studies sug-
gest variable impacts of carnivore presence on large herbivore use 
of disturbed forest areas59–61, which may further interact with effects 
of hunting62. Thus, studies integrating fine-scale datasets from carni-
vores and herbivores across different ecological contexts are needed 
to gain more robust insights into the effects of predation risk. Human 
pressure is an important stressor and source of mortality for many 
large herbivores, often having larger effects on large herbivore space 
use than predation risk by natural predators63. Our models indicated 
consistently negative responses to high levels of human pressure in 
disturbed and undisturbed forest areas by all species (Extended Data 
Figs. 5–8). However, due to the lack of suitable reference datasets, 
our analysis could not provide insights into specific human pressures 
acting within forests, such as hunting, logging or recreational activi-
ties, which can all influence the selection of disturbed forest areas by 
large herbivores22,64,65.

Our model projections across the species’ range extents indicate 
that recent forest disturbance dynamics across Europe had positive 
effects on habitat suitability for large herbivores, with considerably 
stronger improvements in habitat suitability for moose and red deer 
than for European bison and roe deer. Projected improvements were 
regionally variable, generally coinciding with regions that experienced 
the highest forest disturbance rates (that is, Fennoscandia, Western 
Iberia and parts of Central Europe). Therefore, the particularly strong 
habitat suitability improvements observed for moose not only reflect 
a strong selection of disturbed areas by this species, but also particu-
larly high disturbance rates across its current and potential range. The 
disturbance-driven improvements in habitat suitability documented 
by our work are important to consider in the management and con-
servation of European large herbivores. Previous studies have estab-
lished links between forest disturbance dynamics and large herbivore 

performance or population trends46,66. Habitat suitability improve-
ments caused by forest disturbances across Europe may result in higher 
potential carrying capacities and even population increases, although 
demographic responses will further depend on density-dependent 
processes, management and mortality risks. Recently published data 
on country-level trends in hunting bags for European large herbivores 
(including moose, red deer and roe deer) suggest overall increasing 
population trends over recengt decades, albeit with considerable 
variation across regions and species34. More research integrating infor-
mation on potential drivers such as climate change, land use dynamics 
and forest disturbance dynamics is needed to understand their relative 
importance for large herbivore population dynamics.

In addition, our findings underscore that at smaller scales dis-
turbed areas have a long-lasting attraction effect on large herbivores. 
This can trigger increased top-down effects of herbivory on forest 
vegetation in disturbed areas compared with closed-canopy forests23 
and can amplify conflicts with forestry due to increased browsing 
damages15. However, at the same time, habitat improvements can con-
tribute to restoration goals aiming to boost large herbivore effects on 
forest vegetation, which can help to maintain greater openness inside 
European forests, with potential benefits for biodiversity and ecosys-
tem resilience25,26. In this context, the largest European herbivore, the 
European bison, may play an important role due to its strong effects on 
forest regeneration39. Although management strategies focused on tim-
ber production versus ecosystem restoration are often in conflict in this 
regard, forest management strategies that mimic natural gap dynamics 
may help to balance different management goals, as they restore for-
est heterogeneity, promote less concentrated browsing and improve 
habitat conditions for large herbivores and many other species15,67.

Although our results indicate that current levels of forest distur-
bance in Europe are beneficial for all four study species, it is important 
to consider potential negative effects if disturbance rates continue to 
increase due to climate change (for example, due to increased insect 
outbreaks, fires or windthrows) or intensified forest use. All species 
responded negatively to increasing disturbance patch size and high 
levels of disturbed areas inside their home ranges. These patterns 
suggest that further increases in disturbance levels, particularly in 
the form of large disturbance patches, could eventually result in 
net-negative impacts on habitat suitability for large herbivores. Our 
findings highlight a strongly attraction effect of disturbed areas, and 
the impacts of large herbivores on vegetation are often particularly 
strong inside forest gaps23. However, we caution that the relationship 
between disturbance dynamics and browsing pressure on vegetation 
may be complex. For example, increases in the availability of disturbed 
forest due to higher disturbance rates may result in less concentrated 
foraging patterns and thus reduced average browsing pressure inside 
disturbed areas.

Here, we focused on predicting habitat dynamics within forest 
habitats, but understanding the effects of landscape dynamics outside 
forests would be important for obtaining a complete picture of large 
herbivore habitat dynamics. Land use dynamics in non-forest habitats, 
such as agricultural abandonment68, also resulted in considerable 
habitat changes in Europe over recent decades69. Although we used 
a comprehensive dataset on forest disturbances, it came with some 
limitations. Since forest disturbance maps were only available at an 
annual temporal resolution, we could not eliminate uncertainty from 
cases in which disturbances happened in the months after a tracking 
location was recorded. In addition, due to the limited temporal extent 
of the dataset, we were only able to characterize habitat dynamics up 
to 35 years after disturbance. Analyses that integrate regional datasets 
on forest age structure, which were not available for the fine spatial 
resolution and continental extent we worked with here, may provide 
further insights into habitat suitability dynamics inside older for-
est stands. Finally, projecting our models across the potential range 
extents of species required considerable extrapolation in some cases, 
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particularly for European bison. Although we found highly similar 
trends in habitat suitability between current and potential range 
extents and cross-validations suggested very good transferability of 
our models, we caution that such model extrapolations are associated 
with higher levels of uncertainty70. Our study demonstrates the unique 
potential of combining big animal tracking and satellite time series 
data for understanding wildlife habitat dynamics and underscores the 
central role of forest disturbances as a driver of large herbivore habitat 
suitability. Despite strong recent increases in forest disturbances across 
many regions of the globe, forest disturbance impacts on wildlife often 
remain overlooked in the management and conservation of wildlife and 
forests. Here we show that large herbivores in Europe have benefitted 
from recent increases in disturbance rates. Importantly, natural forest 
disturbances are expected to further increase as a result of climate 
change10, whereas increased wood demand (for example, for energy 
production) may further increase anthropogenic disturbances71. Given 
the important role of large herbivores in shaping forest ecosystems, a 
deeper understanding of the interactions between forest disturbance 
dynamics and large herbivores is needed to inform adaptive manage-
ment and conservation strategies.

Methods
Overview of animal tracking data
We collected global positioning system tracking data from 228 Euro-
pean bison across 14 study sites, 768 moose across 21 study sites, 924 
red deer across 39 study sites and 1,149 roe deer across 31 study sites 
(Extended Data Fig. 1). Our datasets comprise large parts of all four 
species’ current ranges in Europe and were collected between 1997 
and 2023 (Extended Data Fig. 2). In total, our data contained 19,305,552 
raw locations.

Pre-processing of animal tracking data
In a first processing step, we grouped animals into species-wise environ-
mental clusters. This was done to allow the balancing of datasets during 
model training and validation and thereby account for environmental 
sampling bias present in our dataset. We used size-constraint clustering 
to avoid highly uneven cluster sizes72,73, defining the minimum cluster 
size as one-eighth of the tracked animals per species. As clustering 
variables, we used forest cover, ruggedness, winter temperature and 
human population density (Supplementary Note 2 provides details).

We removed potentially erroneous locations following the auto-
mated approach by ref. 74. We filtered the remaining tracking data in 
two steps. First, to focus on habitat selection within stationary home 
ranges, we removed periods during which animals travelled unusually 
large distances, probably corresponding to non-stationary move-
ment behaviours (for example, exploratory movements, dispersal 
or seasonal migration). We calculated weekly net squared displace-
ment (NSD) values75 per animal, aggregated weekly NSD values per 
environmental cluster and then removed weeks corresponding to 
the highest 10% of NSD values per cluster. Second, we sub-sampled 
the tracking data to reduce autocorrelation between locations76. We 
tested the correlation of step lengths for different time lags based on 
animals with high sampling rates (that is, <2 h). To ensure independ-
ence of observations and avoid biases associated with 24-h behavioural 
rhythms77, we chose a conservative 7-h minimum sampling interval, 
exceeding the ~2-h decay in autocorrelation observed in our data 
(Supplementary Fig. 2 provides details). This step removed 87, 57, 
88 and 86% of the remaining tracking locations for European bison, 
moose, red deer and roe deer, respectively.

Use-availability design
We created a use-availability design for building habitat selection 
models76. Our goal was to characterize the selection of habitats within 
home ranges (that is, third-order habitat selection78) while also assum-
ing nearby, probably reachable habitats to be available to animals. 

To characterize varying habitat availability for animals shifting their 
home ranges throughout the year (for example, due to seasonal 
migration79,80), we split locations per animal into tracks and calculated 
approximate home ranges at the track level. Specifically, we split loca-
tions into separate tracks if there were gaps of 7 or more days between 
locations (for example, due to weeks with migration activity that had 
been removed earlier on in the analysis). We removed tracks shorter 
than 30 d or with fewer than 30 locations to ensure robust home range 
estimates. This led to the removal of 12 animals from our dataset, leav-
ing 3,057 for modelling. Then, we used 95% minimum convex polygons 
(MCPs) to calculate approximate home ranges per track. We used MCPs 
as a home range estimator since our goal was not to identify exact 
home ranges but to define areas for background sampling that liber-
ally characterize habitat availability81,82. The median sizes of combined 
home ranges per animal (that is, the spatial union of MCPs across all 
tracking periods) were 68.2, 39.6 , 6.7 and 6.7 km2 for European bison, 
moose, red deer and roe deer, respectivly. To define areas available to 
an animal, we buffered each home range by one-quarter of the diameter 
of a hypothetical circular home range with the same size (average buffer 
sizes = 1.7 km for European bison, 1.2 km for moose, 0.6 km for red deer 
and 0.3 km for roe deer). We used this approach to account for varying 
home range sizes and movement behaviours across individuals and 
tracking periods. Within these buffered home ranges, we sampled five 
random locations per tracking location as background points, assigning 
the recording time of tracking locations to the background points18.

Balancing tracking locations across environmental clusters
We balanced the presence–background datasets across environmental 
clusters to avoid biasing models towards environmental conditions 
with more available data. Since our dataset comprised large numbers 
of individuals per species, but the number of individuals and tracking 
locations varied strongly across environmental clusters, we considered 
this environmental bias the primary source of bias for our models. 
Therefore, we downsampled data at the animal level so that the number 
of locations was the same across clusters. This allowed us to keep data 
from as many individuals as possible, thus enhancing species-level 
representativeness83 while balancing the contribution of different 
environmental clusters and individual animals within them84,85. The 
final datasets for training habitat selection models contained 113,531 
locations for European bison, 397,920 locations for moose, 427,658 
locations for red deer and 709,553 locations for roe deer (Table 1).

Predictors of habitat selection
We used a time-calibrated modelling approach in which time series of 
environmental variables are temporally matched with animal occur-
rence records to capture wildlife responses to landscape dynamics18. 
We generated predictor variables at two spatial scales: (1) a local scale 
of 30 m × 30 m (the pixel size of our satellite-based variables); and (2) 
a home-range scale, which varied by species. We derived home-range 
scale predictors by applying moving window averaging to the raster 
datasets85, using window sizes reflecting our median home-range sizes 
per species. Adding home-range scale predictor variables allowed our 
models to learn how habitat selection varied with habitat availabil-
ity, reflecting broader-scale selection processes (that is, home-range 
placement). Considering the variation of habitat selection due to 
varying resource availability across different landscape contexts 
(so-called functional responses in habitat selection86) is particularly 
important in analyses covering large environmental gradients85,87. We 
used four types of predictors for training our habitat selection models 
(Extended Data Table 1). First, we added month and sex to account for 
potential variation in habitat selection throughout the year and between 
sexes. Second, we included variables characterizing forest disturbances. 
Third, we added variables describing other habitat conditions (forest 
mask, topography, climate, human pressure and land cover). Fourth, we 
used broad-scale indicators of large carnivore presence.
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We used forest disturbance maps derived from Landsat satellite 
time series to characterize disturbance dynamics31. The maps indicate 
stand-replacing disturbances between 1986 and 2023 at an annual 
level and 30 m spatial resolution and further contain information on 
disturbance characteristics. We derived five variables from these maps: 
years since disturbance; probable disturbance agent (classified as bark 
beetle/windthrow, fire, harvest or mixed; derived from an attribution 
algorithm31); the size of disturbance patches; disturbance severity 
(calculated as the average decrease in the normalized burn ratio index 
per disturbance patch88); and the area of recently disturbed forest 
(≤10 years since disturbance) at the scale of animal home ranges. Since 
the disturbance maps covered the period of 1986–2023, the maximum 
potential value for the years-since-disturbance variable was 37 years. 
We assigned a constant value of −100 to non-forest areas to help our 
models discriminate between varying habitat selection in disturbed 
versus undisturbed forest areas and forest versus non-forest areas.

As additional indicators of post-disturbance vegetation dynam-
ics, we used spectral–temporal metrics derived from tasselled cap 
transformations of Landsat reflectance18,89: median greenness and the 
seasonality of greenness (inter-decile range). Satellite-based green-
ness indicators can be useful proxies for forage availability in open 
habitats90, whereas the seasonality of greenness is a useful indicator 
for deciduous vegetation91—a potentially important driver of forage 
site selection by large herbivores42,92. Landsat-based spectral–temporal 
metrics are further useful to capture variation in forest structure in 
mature forest stands93. To minimize the influence of year-to-year vari-
ability in satellite data availability, we used 3-year moving windows to 
calculate metrics and applied the temporal segmentation algorithm 
LandTrendr94 to smooth the time series (ref. 18 provides details on 
the approach).

We included nine variables describing other environmental hab-
itat conditions. To further discriminate habitat selection between 
non-forest, undisturbed forest and disturbed forest areas, we added 
a categorical predictor containing these classes derived from our for-
est disturbance maps31. We used the topographic ruggedness index to 
capture movement constraints created by rugged terrain95. As climatic 
variables, we included the mean temperatures during the coldest 
and warmest quarters to indicate the exposure to seasonal thermal 
extremes, which can imply a higher energy demand for thermoregu-
lation19. As proxies of human pressure, we used human population 
density and transportation infrastructure (that is, roads and railways). 
Finally, we included tree cover, cropland cover and the cover of natural 
and managed grasslands derived from global land cover products96,97. 
We calculated the availability of land cover types at the scale of ani-
mal home ranges to characterize landscape composition (that is, the 
relative proportion of land cover types in neighbourhoods corre-
sponding to the species’ home range sizes), including the availability 
of alternative foraging habitats outside forests (that is, croplands 
and grasslands).

We included distribution maps indicating the (permanent) pres-
ence of grey wolf, Eurasian lynx and brown bear to capture potential 
effects of predator presence on habitat selection. Since disturbed 
forest areas may be associated with higher predation risk20, large her-
bivores could avoid them in regions occupied by predators. Carnivore 
distribution maps were based on European-wide surveys carried out 
for three periods (2006–2011, 2012–2016 and 2017–2022) at 10-km 
spatial resolution98–100 (Supplementary Fig. 3 provides an overview of 
the carnivore distribution maps used in our study). We did not use lynx 
presence in the models for European bison and moose since lynx do not 
typically prey on these species. Our habitat selection models included 
21 predictors for red deer and roe deer and 20 predictors for European 
bison and moose (Extended Data Table 1 provides a full overview and 
data sources). We removed predictors with pairwise correlations of 
>0.7 (ref. 101), retaining variables that we deemed more important 
for our analysis. This led to removal of the cropland cover variable for 

bison and roe deer (highly correlated with forest cover) and the mean 
summer temperature variable for moose, red deer and roe deer (highly 
correlated with mean winter temperature). We used the Google Earth 
Engine102 to process predictor variables.

Parametrization of habitat selection models
We built habitat selection models using random forests103, which are 
well suited for capturing nonlinear responses and predictor interac-
tions in large animal tracking datasets104,105. Since class imbalances 
can negatively affect random forest model performance, we used 
downsampled random forests106. In this approach, a subsample of 
background locations is used to balance both classes (presence and 
background) within each tree of the model, whereas the full set of 
background points is used during model training. As random for-
est parameters, we used 300 trees and tuned two key hyperparam-
eters (the number of variables selected per split and the maximum 
depth of trees; Supplementary Note 3, Supplementary Fig. 4 and 
Supplementary Table 1). After hyperparameter tuning, we assessed 
the transferability of our models based on a cross-validation with 
environmental clusters as folds107, which indicated excellent predic-
tive performance and transferability of our models (mean continuous 
Boyce indices = 0.99, 0.98, 0.91 and 0.89 for European bison, moose, 
red deer and roe deer, respectively). We used the R package randomFor-
est108 to build habitat selection models.

Interpretation of model outputs
Given the use-availability design underlying our models, the pre-
dictions by our models indicate the relative intensities of habitat 
selection109. Furthermore, assuming that habitat selection reflects 
informed decisions of animals to maximize their fitness, model predic-
tions can be interpreted as expected fitness payoffs40. We thus follow 
the common interpretation of model predictions as indicators of 
relative habitat suitability, but acknowledge that our models do not 
account for changes in habitat selection due to varying population 
densities40,110. To facilitate comparisons across species, we standard-
ized habitat suitability predictions across species, since the absolute 
values of model predictions typically depend on the definition of 
habitat availability40. Specifically, we used the mean and standard 
deviation of suitability values across forest areas within species’ cur-
rent range extents in the year 2000. Changes are therefore expressed 
in units of standard deviation relative to forest habitat suitability in 
the year 2000. We applied the same standardization for all model 
predictions (that is, for calculating PDPs, disturbance responses and 
suitability changes across Europe).

PDPs
To assess how disturbance characteristics, carnivore presence and 
environmental conditions influenced habitat selection across different 
stages of forest development, we calculated PDPs. PDPs visualize the 
marginal effect of a predictor variable by showing how model predic-
tions change as one or more variables vary while averaging out other 
predictors111. We built two-dimensional PDPs of years since disturbance 
and all other predictors. We used 5-year bins of years since disturbance 
and eight equally spaced bins for numeric predictors. For factor vari-
ables, one prediction was made per factor level. The PDPs allowed us 
to investigate interactive effects between post-disturbance forest 
development and other variables. To focus on the mediation effect of 
variables, we applied a group-wise centring of PDPs by subtracting the 
average predicted suitability per bin of years-since-disturbance values. 
The resulting dependence plots therefore show the relative influence 
of predictors on habitat suitability at different times since disturbance, 
whereas the amplitude of these mediation effects can be interpreted as 
the relative effect sizes. We masked bin combinations with <50 samples 
in our training data to avoid extrapolating models to environmental 
conditions not well supported by our data.
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Samples of disturbed and undisturbed forest areas
We created a stratified sample of disturbed and undisturbed forest areas 
to infer temporal patterns of habitat suitability changes after disturbance 
events and assess habitat suitability dynamics caused by recent distur-
bance dynamics across the species’ current and potential range extents. 
Potential range extents correspond to counterfactual natural ranges 
(that is, areas in which species would occur without human influence). For 
this, we created a grid of 100-km-wide hexagons (~8,660 km2 area) across 
our study area and sampled pixels from disturbed and undisturbed forest 
areas per grid cell. To avoid extrapolating our models to regions outside 
the potential ranges of species (for example, areas with unsuitable cli-
mate conditions), we limited the predictions of our models to grid cells 
that were covered at least 50% by potential range extents derived from 
the PHYLACINE database112. Furthermore, we combined distribution 
maps from ref. 13 with animal home ranges from our tracking dataset 
to delineate areas representing the current range extents of species 
(Supplementary Fig. 5 provides an overview of the distribution maps 
used for defining current and potential range extents). We considered 
grid cells covered at least 20% by a species’ distribution as covering the 
current range of a species. Due to its limited and fragmented current 
range, we did not apply this filtering step for the European bison.

To calculate the required sample sizes per stratum (that is, dis-
turbed and undisturbed forest areas per hexagonal grid cell), we used 
the following formula:

n = N × Z2 × σ2

((E × μ)2 × N) + (Z 2 × σ2)

where n is the designated sample size per stratum, N is the stratum size 
(that is, the number of cells belonging to the stratum), Z is the Z value 
corresponding to the desired confidence level, σ2 is the variance within 
the stratum (that is, the variance of suitability values), E is the allowed 
relative margin of error and µ is the stratum mean. We used a Z value 
of 1.96, corresponding to 95% confidence.

To estimate μ and σ  for the sampling strata, we used model predic-
tions on our training datasets per class (that is, disturbed and undis-
turbed forest areas). To account for the fact that disturbances 
accumulate over time (that is, the stratum of disturbed areas is largely 
undisturbed at the beginning of the time series), we estimated μ and σ  
for the stratum of disturbed forest areas as a weighted mean of class-wise 
model predictions, defining weights based on the distribution of dis-
turbance years. In total, our samples (covering current and potential 
ranges) comprised 1,419,991 pixels for European bison, 558,656 pixels 
for moose, 1,055,612 pixels for red deer and 1,141,148 pixels for roe deer.

Temporal responses to forest disturbance
To assess disturbance responses, we predicted our models across all 
samples from grid cells that overlapped with the current range extents 
of species. We made predictions for all months between 2000 and 
2023, including predictions for both sexes, which we averaged to infer 
species-level responses. We did not back-cast habitat suitability further 
in time because we had little tracking data available from before 2000 
(Table 1) and several predictors did not cover the period before the year 
2000 (Extended Data Table 1). To summarize large herbivore responses 
to forest disturbances over time, we grouped predicted habitat suit-
ability values chronologically based on the years since disturbances 
(hereafter, disturbance responses)18. We assessed seasonal variation by 
computing separate disturbance responses for each month. To focus 
on relative changes caused by disturbance, we calculated disturbance 
responses as the difference in predicted habitat suitability compared 
with the 5-year average before a disturbance.

Changes in habitat suitability across current and potential 
range extents
To assess changes in habitat suitability caused by recent disturbance 
dynamics in Europe, we carried out a second model prediction across 

the current and potential range extents of species. For this predic-
tion, we used separately trained models not containing information 
on the years since disturbance as a predictor variable. We excluded 
this variable to avoid a truncation bias due to a lack of information on 
disturbances happening before 1986. Instead, we added four addi-
tional predictors based on spectral–temporal metrics derived from 
tasselled cap transformations of Landsat reflectance (median wet-
ness and brightness and inter-decile ranges of wetness and bright-
ness). Thus, these models primarily leverage satellite-based metrics 
to characterize habitat suitability dynamics associated with forest 
disturbance, recovery and maturation18. We applied the same tuning 
and cross-validation approach described above, which again indicated 
excellent model transferability across environmental clusters (mean 
continuous Boyce indices from cross-validation = 0.98, 0.95, 0.94 
and 0.88 for European bison, moose, red deer and roe deer, respec-
tively). Disturbance responses obtained from models built without 
the years-since-disturbance variable were similar to those obtained 
from our original models (Supplementary Fig. 6).

To isolate the effect of forest disturbances on habitat suitability, 
we used a counterfactual prediction approach. Specifically, we kept all 
predictor variables unrelated to the forest disturbances static (with a 
target year of 2023) and predicted suitability trends across all sample 
pixels between 2000 and 2023. This meant that in undisturbed areas 
(that is, with no detected disturbance between 1986 and 2023), the 
only variable that varied across time was the area of recently disturbed 
forest, describing the number of pixels that were disturbed ≤10 years 
ago within neighbourhoods reflecting the species’ home range sizes. 
In areas with detected disturbances, all variables describing forest 
disturbance dynamics varied annually across the prediction time 
frame (patch size, disturbance agent, disturbance severity and the 
Landsat-based spectral–temporal metrics), whereas all others were 
kept static. To summarize trends across space and time, we calcu-
lated average habitat suitability values for each year and grid cell and 
across the current and potential range extents for all species. We used 
weighted means to calculate average values per grid cell and across 
range extents, weighting values by the number of disturbed or undis-
turbed pixels per grid cell. To visualize habitat suitability trends across 
space, we excluded all grid cells covering <1,000 km2 of land area (for 
example, cells located at the boundaries of our study area) or with less 
than five percent forest cover, to eliminate cells without a robust data 
basis for calculating habitat suitability trends.

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

Data availability
Training data for building habitat selection models are available from 
figshare at https://doi.org/10.6084/m9.figshare.30296536 (ref. 113).
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Extended Data Fig. 1 | Number of tracked animals per species and study site. 
Coloured shapes indicate the location of study sites, and numbers indicate the 
number of individuals tracked per site. Country shapefile data from GADM under 

a Creative Commons license CC BY-SA 2.0. Animal silhouettes from PhyloPic 
under a Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol 
(CC0 1.0); A. alces, xgirouxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 2 | Number of tracked animals per species and year. Coloured bars indicate the number of tracked individuals. Animal silhouettes from PhyloPic 
under a Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0); A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 3 | Direction of disturbance responses. Coloured bars indicate the proportion of positive/negative suitability values compared to pre-
disturbance conditions across time since disturbance.
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Extended Data Fig. 4 | Disturbance responses by sex. Disturbance responses 
are shown as relative changes in standardized habitat suitability compared to the 
five-year average prior to a disturbance event, where standardization is based 
on the distribution of forest habitat suitability in the year 2000. Coloured lines 

indicate median suitability, and the coloured ribbons the 40th to 60th percentile 
ranges per sex. Animal silhouettes from PhyloPic under a Creative Commons 
license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0); A. alces, xgirousxb 
(PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).

http://www.nature.com/natecolevol
http://creativecommons.org/publicdomain/zero/1.0/deed.en
http://creativecommons.org/publicdomain/mark/1.0/deed.en
http://creativecommons.org/publicdomain/mark/1.0/deed.en


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-026-03096-0

Extended Data Fig. 5 | Influence of environmental variables on relative 
habitat suitability for European bison across time since disturbance. Effects 
are estimated based on PDPs of habitat selection models. PDPs were centred 
by subtracting the average suitability per year since disturbance value to focus 
on the mediation effect of environmental variables. Values of -5 on the X-axis 
correspond to undisturbed forest areas. Suitability was standardized based 

on forest habitat suitability in the year 2000 to facilitate comparisons across 
species. Value combinations not represented in our dataset are masked to avoid 
extrapolating models. TCG = tasseled cap greenness (vegetation index). HMI 
= human modification index (range: 1-100). Animal silhouettes from PhyloPic 
under a Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol 
(CC0 1.0); A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 6 | Influence of environmental variables on relative habitat 
suitability for moose across time since disturbance. Effects are estimated 
based on PDPs of habitat selection models. PDPs were centred by subtracting the 
average suitability per year since disturbance value to focus on the mediation 
effect of environmental variables. Values of -5 on the X-axis correspond to 
undisturbed forest areas. Suitability was standardized based on forest habitat 

suitability in the year 2000 to facilitate comparisons across species. Value 
combinations not represented in our dataset are masked to avoid extrapolating 
models. TCG = tasseled cap greenness (vegetation index). HMI = human 
modification index (range: 1-100). Animal silhouettes from PhyloPic under a 
Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0);  
A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 7 | Influence of environmental variables on relative habitat 
suitability for red deer across time since disturbance. Effects are estimated 
based on PDPs of habitat selection models. PDPs were centred by subtracting the 
average suitability per year since disturbance value to focus on the mediation 
effect of environmental variables. Values of -5 on the X-axis correspond to 
undisturbed forest areas. Suitability was standardized based on forest habitat 

suitability in the year 2000 to facilitate comparisons across species. Value 
combinations not represented in our dataset are masked to avoid extrapolating 
models. TCG = tasseled cap greenness (vegetation index). HMI = human 
modification index (range: 1-100). Animal silhouettes from PhyloPic under a 
Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0);  
A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 8 | Influence of environmental variables on relative habitat 
suitability for roe deer across time since disturbance. Effects are estimated 
based on PDPs of habitat selection models. PDPs were centred by subtracting the 
average suitability per year since disturbance value to focus on the mediation 
effect of environmental variables. Values of -5 on the X-axis correspond to 
undisturbed forest areas. Suitability was standardized based on forest habitat 

suitability in the year 2000 to facilitate comparisons across species. Value 
combinations not represented in our dataset are masked to avoid extrapolating 
models. TCG = tasseled cap greenness (vegetation index). HMI = human 
modification index (range: 1-100). Animal silhouettes from PhyloPic under a 
Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0);  
A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Fig. 9 | Effects of carnivore presence on relative habitat 
suitability across time since disturbance. Effects are estimated based on PDPs 
of habitat selection models. PDPs were centred by subtracting the average 
suitability per year since disturbance value to focus on the mediation effect 
of carnivore presence. Carnivore presence was derived from continent-wide 
surveys conducted at 10 km resolution. Values of -5 on the X-axis correspond to 

undisturbed forest areas. Suitability was standardized based on forest habitat 
suitability in the year 2000 to facilitate comparisons across species. Lynx 
presence was not used in the models for European bison and moose since lynx do 
not prey upon these species. Animal silhouettes from PhyloPic under a Creative 
Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0); A. alces, 
xgirousxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended Data Table 1 | Overview of predictor variables used in habitat selection models

Scale refers to the spatial scale at which variables were included in the models. Local corresponds to a 30 m scale, and home range corresponds to the average home range size per species 

in our dataset.
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