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Forest disturbances have increased in many regions, but how they impact
habitat suitability for wildlife remains poorly understood. Here, by
combining tracking dataon 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 anincreased 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 attractlarge herbivores and that the recentincrease
inforest 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 habitatimprovements
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 structure'™. Over recent
decades, intensifying forest use and higher rates of natural distur-
bances—attributed primarily to climatic extremes**—have caused a
drasticincrease in the extent of forest disturbances in some regions®’.
Forexample, 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 change'.

Large herbivores play key roles in shaping forest ecosystems and
are also of considerable cultural and economic importance ™. 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 cover'. By killing canopy trees,
forest disturbancesincrease light availability in the understory, encourag-
ing the growth of early-successional plants and resulting in higher forage
availability for many species™°. Due to the seasonal variation in foraging
preferences”, the suitability of disturbed areas for large herbivores may
vary considerably throughout the year'®. Disturbances canintermittently
reduce the availability of vegetation cover and create open habitats
in which animals are exposed to predation, human activities, thermal
extremes and snow'*', Yet, depending on disturbance characteristics
(forexample, disturbance patch size and remaining deadwood) and vege-
tationrecovery, disturbed areas can provide habitats offering both forage
and cover®. Thus, large herbivore responses to forest disturbance canbe
expected tostrongly depend onspecies’ 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,
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Table 1| Overview of the global positioning system tracking data

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

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

Moose 21 768 (592/176) 2004-2022 121 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.

as browsing can inhibit tree regeneration and alter species composi-
tion”. High browsing intensities often create conflicts with forestry*,
butherbivory may also contribute to maintaining open habitats, with
potential positive effects on biodiversity and ecosystem resilience*.
Abetter 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 onlarge herbivore species atlocal or regional scales'***, our
understanding remains limited due to alack of systematic assessments
coveringbroad 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
vegetation'®, but extensive forest disturbance has also been identified
asathreat to some large herbivore populations®*®, The growing avail-
ability of animal tracking data collected from a wide range of large her-
bivore populations®, along with improved characterizations of forest
disturbance dynamics fromsatellite time series®**', provides tremen-
dous butso far untapped opportunities to fill these knowledge gaps'®.

Inthis 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
(thatis, the European bison (Bison bonasus), moose (Alces alces), red
deer (Cervus elaphus) and roe deer (Capreolus capreolus)), reflecting
gradientsin terms of foraging strategies”. European forests are heavily
managed, with few intact old-growth forests*’, and a majority of distur-
bances are caused by human forest use®. Forest disturbances in Europe
have increased markedly over recent decades”®*°, with increasing
natural disturbances and intensifying forest use interacting as drivers™.
Over the same period, the populations of red deer and roe deer have
grown considerably*, intensifying human-wildlife conflicts and raising
concerns about potential negative impacts on forest regeneration®-°,
Europe’slargest herbivores, European bison and moose, remain absent
fromlarge parts of their former ranges, but have beenrecovering and
expanding their distributions recently”, providing opportunities for
restoring their ecological roles®®*. 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
forlarge herbivores (3,069 tracked animals and 19.3 million locations;
Extended Data Figs.1and 2, and Table 1) to build habitat selection

models for European bison, moose, red deer and roe deer based on
therandom forest algorithm. We characterized habitat dynamics based
ondatasets derived from satellite image time series, including annual,
high-resolution maps of forest disturbances™, spectral vegetation indi-
ces'®and other environmental predictors (Extended Data Table1). 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 eventas disturbed forest; all other areas were considered
undisturbed forest. Using selection strength as anindicator of relative
habitat suitability*’, we created monthly predictions of habitat suitabil-
itybetween2000 and 2023 across representative samples of disturbed
and undisturbed forest areas within the species’ currentand potential
range extents (thatis, estimates of where species would occur without
humaninfluence) 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. Toaid comparability across species, we quantified suitability
changes asrelative changes after disturbance and expressed effectsin
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
formoose (up to1.43 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 adelay inthe 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).Inaddition, all species selected disturbed areas more
strongly when the disturbance severity was high (thatis, more of the for-
estcanopy was removed; therelative 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
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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
areshownasrelative 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.
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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 amongdisturbance agents. Evenso, European bison showed
a weaker selection for areas disturbed by bark beetles and/or wind
compared with other agents, whereasred deer showed a weaker selec-
tion for fire disturbances (Fig.2). The selection for disturbed areas was
alsoinfluenced by their availability (with arelative 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 anintermediate availability.

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

DataFigs. 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
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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 burnratio (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
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comparisons across species. They 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
dataspaceand are displayed in grey colour. BB, bark beetle. Animal silhouettes
from PhyloPic under a Creative Commons license: C. elaphus and C. capreolus,
Ferran Sayol (CCO 1.0); A. alces, xgirousxb (PDM 1.0); B. bonasus, Steven Traver
(PDM1.0).

Eurasian lynx (Lynx [ynx) 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 onred 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
tobeweakestinrecently 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 alack 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™), followed by roe
deer (0.81% yr™), red deer (0.76% yr™) and European bison (0.70% yr™)
(Fig.3). Habitat suitability dynamics for all species showed similar pat-
terns whether considering current or potential range extents.
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Fig. 3 | Forest disturbance effects on large herbivore habitat suitability

across Europe between 2000 and 2023. Solid and dashed lines indicate habitat
suitability changes across the species’ current and potential range extents,
respectively. Predictions of fine-scale habitat suitability were derived fora
stratified sample of disturbed and undisturbed forest pixels covering the current
and potential range extents of species. Environmental variables unrelated to
forest disturbances were kept constant to isolate the effects of disturbance
dynamics on habitat suitability. To aid comparability, habitat suitability changes

Potential range

are expressed as relative changes and suitability values are standardized based
on forest habitat suitability in the year 2000. The bar plots linked to the right
plot axis show annual forest disturbance rates within species’ current ranges.
For roe deer, the trend lines are overlapping due to the current and potential
range extents being almost identical. Animal silhouettes from PhyloPic undera
Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol (CC0 1.0);
A. alces, xgirousxb (PDM1.0); B. bonasus, Steven Traver (PDM 1.0).

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 Peninsulaand parts of Central Europe,
andgenerally 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 dueto forest disturbance for red deer, moose, Europeanbison
androedeer, respectively. Amonggrid 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 disturbancesimpactlarge herbivore habitats across species, sea-
sons and over long time periods. Providing abroad-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 theimportance 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
asakeydriver 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
species™. In contrast, moose selected recently disturbed areas most
intensively during winter, matching the species’ strong preference for
browsing in young forests during winter*”. 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-
encesinbrowsing height, making older and thus larger trees available
to moose but not to other species*’. 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 suchas Rubus species*, whereas the continued selection beyond
this initial peak may reflect a preference for relatively low and open
forest stands****. Thus, our results suggest that foraging preferences
are the mainfactor driving habitat selection of disturbed forest areas
and highlight their importance as important foraging habitats for
large herbivores.
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to potential species ranges based on the PHYLACINE database'?. C. elaphus
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forest are masked to ensure robust interpretation of suitability trends. Country
shapefile data from GADM under a Creative Commons license CC BY-SA 2.0.
Animalsilhouettes 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).

Our analysis covered the largest native strict herbivores with
potential natural ranges spanning much of Europe, reflecting a large
gradient in dietary niches". 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 assessments™*¢, Yet, we caution that some large herbivores witha
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 winter*’). Local
studies from North America found varying responses across species,
disturbance types and seasons***°, whereas forest disturbance impacts
onlarge herbivoresin other forested biomes remain understudied**.
Thus, more broad-scale and multi-species assessments are needed to
better understand how large herbivores respond to forest disturbances
inotherregions.

Our dataset covering large parts of the species’ distributions in
Europe allowed usto uncover important sources of variation in distur-
banceresponses, includinglocal 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)*’. 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:nitrogenratio)*. Thus, small disturbance
patches create easily accessible edge habitats*®, which may be the best
solution to the forage—-cover trade-off for many large herbivores®.
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 findings®*, and bark beetle and wind disturbances by European
bison. However, we caution that our dataset was not well suited for
characterizing varyingimpacts of disturbance agents due to frequent
post-disturbance management in European forests®. Since standing
andlying deadwood resulting from natural disturbances iscommonly
removed, agent-specificimpacts may be masked by managementand
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
deadwood®. 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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(forexample, in protected areas) or integrating fine-scale datasets on
post-disturbance management measures are needed'.

Our modelsindicated 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-
ablyimportantin 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 s, 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 species®* %, 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 stands’’. Available studies sug-
gest variable impacts of carnivore presence on large herbivore use
of disturbed forest areas™ ', which may further interact with effects
of hunting®’. 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 predators®. 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 specifichuman pressures
acting within forests, such as hunting, logging or recreational activi-
ties, which can all influence the selection of disturbed forest areas by
large herbivores®**%,

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
astrong selection of disturbed areas by this species, but also particu-
larly high disturbance rates acrossits 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 trends***. Habitat suitability improve-
ments caused by forest disturbances across Europe may resultin higher
potential carrying capacities and even populationincreases, 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 species**. More research integrating infor-
mation on potential drivers such as climate change, land use dynamics
and forest disturbance dynamicsis needed to understand their relative
importance for large herbivore population dynamics.

In addition, our findings underscore that at smaller scales dis-
turbed areas have along-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 forests*
and can amplify conflicts with forestry due to increased browsing
damages”. 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 opennessinside
European forests, with potential benefits for biodiversity and ecosys-
temresilience??°. In this context, the largest European herbivore, the
Europeanbison, may play animportant role due toits strong effects on
forestregeneration®. Although managementstrategies focused on tim-
ber productionversus ecosystemrestorationare oftenin conflictin 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 species™*’.

Although our results indicate that current levels of forest distur-
bancein Europe are beneficial for all four study species, it isimportant
to consider potential negative effectsif 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 gaps®’. 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
forestdueto higher disturbance rates may resultin 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 dynamicsin non-forest habitats,
such as agricultural abandonment®, also resulted in considerable
habitat changes in Europe over recent decades®. 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 wasrecorded. Inaddition, due to the limited temporal extent
ofthe 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 extrapolationin 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 uncertainty’. Our study demonstrates the unique
potential of combining big animal tracking and satellite time series
datafor understanding wildlife habitat dynamics and underscores the
centralrole of forest disturbances as a driver of large herbivore habitat
suitability. Despite strong recentincreases 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 herbivoresin Europe have benefitted
fromrecentincreasesindisturbance rates. Importantly, natural forest
disturbances are expected to further increase as a result of climate
change'®, whereas increased wood demand (for example, for energy
production) may further increase anthropogenic disturbances”. Given
theimportantrole of large herbivoresinshaping 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 DataFig. 2). Intotal, our data contained 19,305,552
raw locations.

Pre-processing of animal tracking data
Inafirst processing step, we grouped animals into species-wise environ-
mental clusters. This was done to allow the balancing of datasets during
modeltraining and validation and thereby account for environmental
samplingbias presentin our dataset. We used size-constraint clustering
toavoid highly uneven cluster sizes’>”*, 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 datain
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) values” 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 locations’. 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
rhythms”’, 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
models’. Our goal was to characterize the selection of habitats within
home ranges (that s, third-order habitat selection’) 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
migration’*%°), we split locations per animalinto tracks and calculated
approximate homeranges at the track level. Specifically, we split loca-
tionsinto 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
than30 d or with fewer than30 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 availability®*2. 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 km?for European bison,
moose, red deer and roe deer, respectivly. To define areas available to
ananimal, we buffered eachhomerange by one-quarter of the diameter
of ahypothetical circular home range with the same size (average buffer
sizes =1.7 kmfor European bison, 1.2 km for moose, 0.6 km for red deer
and 0.3 kmfor 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
randomlocations per tracking location as background points, assigning
the recording time of tracking locations to the background points',

Balancing tracking locations across environmental clusters

Webalanced the presence-background datasets across environmental
clusters to avoid biasing models towards environmental conditions
with more available data. Since our dataset comprised large numbers
ofindividuals 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 dataat the animallevel 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
representativeness® while balancing the contribution of different
environmental clusters and individual animals within them**%, 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 dynamics'®.
We generated predictor variables at two spatial scales: (1) alocal scale
of 30 m x 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
datasets®, 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 selection®) is particularly
important in analyses covering large environmental gradients*>*”. 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 variationin habitat selection throughout the year and between
sexes.Second, weincluded 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 dynamics®. The mapsindicate
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:
yearssince disturbance; probable disturbance agent (classified as bark
beetle/windthrow, fire, harvest or mixed; derived from an attribution
algorithm®); the size of disturbance patches; disturbance severity
(calculated asthe average decrease in the normalized burnratio index
per disturbance patch®); and the area of recently disturbed forest
(<10 yearssince disturbance) at the scale of animal home ranges. Since
the disturbance maps covered the period 0f1986-2023, 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 reflectance'®*’: median greenness and the
seasonality of greenness (inter-decile range). Satellite-based green-
ness indicators can be useful proxies for forage availability in open
habitats®®, whereas the seasonality of greenness is a useful indicator
for deciduous vegetation®—a potentially important driver of forage
site selection by large herbivores***?, Landsat-based spectral-temporal
metrics are further useful to capture variation in forest structure in
mature forest stands”. 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
LandTrendr® to smooth the time series (ref. 18 provides details on
the approach).

Weincluded nine variables describing other environmental hab-
itat conditions. To further discriminate habitat selection between
non-forest, undisturbed forest and disturbed forest areas, we added
acategorical predictor containing these classes derived from our for-
estdisturbance maps®. We used the topographic ruggedness index to
capture movement constraints created by rugged terrain®. 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-
lation®. As proxies of human pressure, we used human population
density and transportationinfrastructure (thatis, roads and railways).
Finally, weincluded tree cover, cropland cover and the cover of natural
and managed grasslands derived from global land cover products’*”.
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 risk?®, large her-
bivores could avoid theminregions 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 resolution®®°° (Supplementary Fig. 3 provides an overview of
the carnivore distribution maps used in our study). We did not use lynx
presence inthe models for European bison and moose since lynx do not
typically prey onthese species. Our habitat selection modelsincluded
21 predictors forred 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. Thisled to removal of the cropland cover variable for

bisonand 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
Engine'®to process predictor variables.

Parametrization of habitat selection models

We built habitat selection models using random forests'*’, which are
well suited for capturing nonlinear responses and predictor interac-
tions in large animal tracking datasets'**'®, Since class imbalances
can negatively affect random forest model performance, we used
downsampled random forests'’°. 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 folds'”, 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,
reddeer androe deer, respectively). We used the R package randomFor-
est'®to build habitat selection models.

103

Interpretation of model outputs

Given the use-availability design underlying our models, the pre-
dictions by our models indicate the relative intensities of habitat
selection', Furthermore, assuming that habitat selection reflects
informed decisions of animals to maximize their fitness, model predic-
tions can be interpreted as expected fitness payoffs*°. 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
densities*>"°. 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 availability*°. Specifically, we used the mean and standard
deviation of suitability values across forest areas within species’ cur-
rent range extentsinthe 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 (thatis, for calculating PDPs, disturbance responses and
suitability changes across Europe).

PDPs

To assess how disturbance characteristics, carnivore presence and
environmental conditionsinfluenced 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
predictors™. 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 agroup-wise centring of PDPs by subtracting the
average predicted suitability per bin of years-since-disturbance values.
Theresulting dependence plots therefore show the relative influence
of predictors on habitat suitability at different times since disturbance,
whereas the amplitude of these mediation effects canbe 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 astratified sample of disturbed and undisturbed forest areas
toinfer temporal patterns of habitat suitability changes after disturbance
events and assess habitat suitability dynamics caused by recent distur-
bance dynamicsacross the species’ currentand potential range extents.
Potential range extents correspond to counterfactual natural ranges
(thatis, areasinwhich species would occur without humaninfluence). For
this, we created agrid of 100-km-wide hexagons (-8,660 km?area) across
ourstudy areaand sampled pixels from disturbed and undisturbed forest
areas per grid cell. Toavoid 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 database™. 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 x 72 x 0>
((E>< w? ><N)+(ZZ X 02)

where nisthe designated sample size per stratum, Nisthe stratum size
(thatis, the number of cells belonging to the stratum), Zis the Z value
correspondingto the desired confidence level, ¢ is the variance within
the stratum (that s, the variance of suitability values), Eis the allowed
relative margin of error and u is the stratum mean. We used a Zvalue
of1.96, corresponding to 95% confidence.

Toestimate gand o 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 g and o
for the stratum of disturbed forest areas as aweighted 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
formoose, 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 fromgrid 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
intime because we had little tracking data available from before 2000
(Table1) and several predictors did not cover the period before the year
2000 (Extended Data Table 1). Tosummarize 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)’. We assessed seasonal variation by
computing separate disturbance responses for each month. To focus
onrelative 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
dynamicsin Europe, we carried out asecond 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 alack 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 maturation'®. We applied the same tuning
and cross-validation approach described above, which againindicated
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).

Toisolate the effect of forest disturbances on habitat suitability,
we used acounterfactual prediction approach. Specifically, we keptall
predictor variables unrelated to the forest disturbances static (witha
target year of2023) 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 km? of land area (for
example, cellslocated at the boundaries of our study area) or with less
than five percent forest cover, to eliminate cells without arobust 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).

References

1. Thom, D. & Seidl, R. Natural disturbance impacts on ecosystem
services and biodiversity in temperate and boreal forests. Biol.
Rev. 91, 760-781 (2016).

2. Pugh, T.A. M., Arneth, A., Kautz, M., Poulter, B. & Smith, B.
Important role of forest disturbances in the global biomass
turnover and carbon sinks. Nat. Geosci. 12, 730-735 (2019).

3. Thorn, S. et al. Impacts of salvage logging on biodiversity:

a meta-analysis. J. Appl. Ecol. 55, 279-289 (2018).

4. Senf, C., Buras, A., Zang, C. S., Rammig, A. & Seidl, R. Excess
forest mortality is consistently linked to drought across Europe.
Nat. Commun. 11, 6200 (2020).

5. Senf, C. & Seidl, R. Storm and fire disturbances in Europe:
distribution and trends. Glob. Change Biol. 27, 3605-3619
(2021).

Nature Ecology & Evolution | Volume 10 | July 2026 | 1273-1286

1282


http://www.nature.com/natecolevol
https://doi.org/10.6084/m9.figshare.30296536

Article

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

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

McDowell, N. G. et al. Pervasive shifts in forest dynamicsin a
changing world. Science 368, eaaz9463 (2020).

Patacca, M. et al. Significant increase in natural disturbance
impacts on European forests since 1950. Glob. Change Biol. 29,
1359-1376 (2023).

Senf, C. et al. Canopy mortality has doubled in Europe’s
temperate forests over the last three decades. Nat. Commun. 9,
4978 (2018).

Potapov, P. et al. Unprecedentedly high global forest disturbance
due to fire in 2023 and 2024. Proc. Natl Acad. Sci. USA 122,
2505418122 (2025).

Seidl, R. et al. Forest disturbances under climate change. Nat.
Clim. Change 7, 395-402 (2017).

Pringle, R. M. et al. Impacts of large herbivores on terrestrial
ecosystems. Curr. Biol. 33, R584-R610 (2023).

Ripple, W. J. et al. Collapse of the world’s largest herbivores. Sci.
Adv. 1, 1400103 (2015).

Linnell, J. D. C. et al. The challenges and opportunities of coexisting
with wild ungulates in the human-dominated landscapes of
Europe’s Anthropocene. Biol. Conserv. 244, 108500 (2020).
Verdolin, J. L. Meta-analysis of foraging and predation risk
trade-offs in terrestrial systems. Behav. Ecol. Sociobiol. 60,
457-464 (2006).

Kuijper, D. P. J. et al. Do ungulates preferentially feed in forest gaps
in European temperate forest? For. Ecol. Manag. 258, 1528-1535
(2009).

Smolko, P., Veselovska, A. & Kropil, R. Seasonal dynamics of
forage for red deer in temperate forests: importance of the habitat
properties, stand development stage and overstorey dynamics.
Wildlife Biol. 2018, wlb.00366 (2018).

Spitzer, R. et al. Fifty years of European ungulate dietary studies: a
synthesis. Oikos 129, 1668-1680 (2020).

Oeser, J., Heurich, M., Senf, C., Pflugmacher, D. & Kuemmerle, T.
Satellite-based habitat monitoring reveals long-term dynamics
of deer habitat in response to forest disturbances. Ecol. Appl. 31,
€2269 (2021).

Mysterud, A. & Dstbye, E. Cover as a habitat element for
temperate ungulates: effects on habitat selection and
demography. Wildl. Soc. Bull. 27, 385-394 (1999).

Schmidt, K. & Kuijper, D. P. J. A “death trap” in the landscape of
fear. Mamm. Res. 60, 275-284 (2015).

Ruprecht, J., Wisdom, M. J., Clark, D. A., Rowland, M. M. & Levi, T.
Density-dependent changes in elk resource selection over
successional time scales following forest disturbance. Ecol. Appl.
33, €2891(2023).

Eggers, J., Seidl, R., Maroschek, M. & Reiner, R. Where forage meets
safety: the role of forest disturbances in red deer adaptation to
human pressure. For. Ecol. Manag. 602, 123383 (2026).

Churski, M., Bubnicki, J. W., Jedrzejewska, B., Kuijper, D. P. J. &
Cromsigt, J. P. G. M. Brown world forests: increased ungulate
browsing keeps temperate trees in recruitment bottlenecks in
resource hotspots. New Phytol. 214, 158-168 (2017).

Kuijper, D. P. J. Lack of natural control mechanisms increases
wildlife-forestry conflict in managed temperate European forest
systems. Eur. J. For. Res. 130, 895-909 (2011).

Wang, L., Boonman, C. C. F., Vogel, S. M., Fang, Z. & Svenning,
J.-C. Tree cover homogenization in semi-open ecosystems
worldwide and implications for ecosystem stability and
conservation. Cell Rep. Sustain. 2, 100343 (2025).

Czyzewski, S. & Svenning, J.-C. Temperate forest plants are
associated with heterogeneous semi-open canopy conditions
shaped by large herbivores. Nat. Plants 11, 985-1000 (2025).
Courtois, R., Ouellet, J.-P., Breton, L., Gingras, A. & Dussault, C.
Effects of forest disturbance on density, space use, and mortality
of woodland caribou. Ecoscience 14, 491-498 (2007).

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

Maltman, J. C., Coops, N. C., Rickbeil, G. J. M., Hermosilla, T.

& Burton, A. C. Quantifying forest disturbance regimes within
caribou (Rangifer tarandus) range in British Columbia. Sci. Rep. 14,
6520 (2024).

Cagnacci, F., Boitani, L., Powell, R. A. & Boyce, M. S. Animal
ecology meets GPS-based radiotelemetry: a perfect storm of
opportunities and challenges. Phil. Trans. R. Soc. B Biol. Sci. 365,
2157-2162 (2010).

Senf, C. & Seidl, R. Mapping the forest disturbance regimes of
Europe. Nat. Sustain. 4, 63-70 (2021).

Viana-Soto, A. & Senf, C. The European Forest Disturbance Atlas: a
forest disturbance monitoring system using the Landsat archive.
Earth Syst. Sci. Data 17, 2373-2404 (2025).

Sabatini, F. M. et al. Where are Europe’s last primary forests?
Divers. Distrib. 24,1426-1439 (2018).

Seidl, R. & Senf, C. Changes in planned and unplanned canopy
openings are linked in Europe’s forests. Nat. Commun. 15, 4741
(2024).

Cerri, J. et al. Trends of ungulate species in Europe: not all stories
are equal. Mamm. Res. 71,19 (2026).

Valente, A. M., Acevedo, P, Figueiredo, A. M., Fonseca, C. &
Torres, R. T. Overabundant wild ungulate populations in

Europe: management with consideration of socio-ecological
consequences. Mamm. Rev. 50, 353-366 (2020).

Co6té, S. D., Rooney, T. P, Tremblay, J.-P., Dussault, C. & Waller, D. M.
Ecological impacts of deer overabundance. Annu. Rev. Ecol. Evol.
Syst. 35, 113-147 (2004).

Bluhm, H. et al. Widespread habitat for Europe’s largest
herbivores, but poor connectivity limits recolonization. Divers.
Distrib. 29, 423-437 (2023).

Flgjgaard, C., Pedersen, P. B. M., Sandom, C. J., Svenning, J.-C. &
Ejrnaes, R. Exploring a natural baseline for large-herbivore
biomass in ecological restoration. J. Appl. Ecol. 59, 18-24

(2022).

Kowalczyk, R., Kaminski, T. & Borowik, T. Do large herbivores
maintain open habitats in temperate forests? For. Ecol. Manag.
494, 119310 (2021).

Northrup, J. M. et al. Conceptual and methodological advances in
habitat-selection modeling: guidelines for ecology and evolution.
Ecol. Appl. 32, 02470 (2022).

Kowalczyk, R. et al. Foraging plasticity allows a large herbivore
to persist in a sheltering forest habitat: DNA metabarcoding diet
analysis of the European bison. For. Ecol. Manag. 449, 117474
(2019).

Bergquvist, G., Wallgren, M., Jernelid, H. & Bergstrom, R. Forage
availability and moose winter browsing in forest landscapes. For.
Ecol. Manag. 419-420, 170-178 (2018).

Nichols, R. V., Cromsigt, J. P. G. M. & Spong, G. DNA left on
browsed twigs uncovers bite-scale resource use patterns in
European ungulates. Oecologia 178, 275-284 (2015).

Retez, G. et al. Habitat preferences of European bison in
contemporary European landscapes. J. Appl. Ecol. 63, €70233
(2026).

Klich, D. et al. An assessment of the habitat preferences of
European bison with airborne laser scanning data in forest
ecosystem. Sci. Rep. 13, 17987 (2023).

Reiner, R., Seidl, R., Seibold, S. & Senf, C. Forest disturbances
increase the body mass of two contrasting ungulates. J. Appl.
Ecol. 60, 2177-2187 (2023).

Kivinen, S., Moen, J., Berg, A. & Eriksson, A. Effects of modern
forest management on winter grazing resources for reindeer in
Sweden. AMBIO 39, 269-278 (2010).

Massé, A. & Cété, S. D. Linking alternative food sources to winter
habitat selection of herbivores in overbrowsed landscapes.

J. Wildl. Manag. 76, 544-556 (2012).

Nature Ecology & Evolution | Volume 10 | July 2026 | 1273-1286

1283


http://www.nature.com/natecolevol

Article

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

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ganz, T. R. et al. Interactive effects of wildfires, season and
predator activity shape mule deer movements. J. Anim. Ecol. 91,
2273-2288 (2022).

Hayes, T. A., Peterson, C. J., DeCesare, N. J., Bishop, C. J. &

Anton, C. B. Forest disturbance shapes habitat selection but not
migratory tendency for partially migratory ungulates. Ecosphere
15, 70067 (2024).

Brodie, J. F., Giordano, A. J. & Ambu, L. Differential responses of
large mammals to logging and edge effects. Mamm. Biol. 80, 7-13
(2015).

Garcia-Marmolejo, G., Chapa-Vargas, L., Weber, M. &
Huber-Sannwald, E. Landscape composition influences
abundance patterns and habitat use of three ungulate species in
fragmented secondary deciduous tropical forests, Mexico. Glob.
Ecol. Conserv. 3, 744-755 (2015).

Tahtinen, B., Murray, B. D., Webster, C. R., Tarasoff, C. S. & Burton, A. J.
Does ungulate foraging behavior in forest canopy gaps produce a
spatial subsidy with cascading effects on vegetation? For. Sci. 60,
819-829 (2014).

Borkowski, J. Distribution and habitat use by red and roe deer
following a large forest fire in south-western Poland. For. Ecol.
Manag. 201, 287-293 (2004).

Lamont, B. G. et al. Multi-scale habitat selection of elk in response
to beetle-killed forest. J. Wildl. Manag. 83, 679-693 (2019).
Niedziatkowska, M. et al. A meta-analysis of ungulate predation
and prey selection by the brown bear Ursus arctos in Eurasia.
Mamm. Res. 64, 1-9 (2019).

Jedrzejewski, W. et al. Kill rates and predation by wolves on
ungulate populations in Biatowieza Primeval Forest (poland).
Ecology 83, 1341-1356 (2002).

Khorozyan, |. & Heurich, M. Patterns of predation by the Eurasian
lynx Lynx lynx throughout its range: ecological and conservation
implications. Mamm. Rev. 53, 177-188 (2023).

Sahlén, E. et al. Phantoms of the forest: legacy risk effects of a
regionally extinct large carnivore. Ecol. Evol. 6, 791-799

(2016).

Sand, H. et al. Behavioral effects of wolf presence on moose
habitat selection: testing the landscape of fear hypothesis in an
anthropogenic landscape. Oecologia 197, 101-116 (2021).
Gervasi, V. et al. Decomposing risk: landscape structure and wolf
behavior generate different predation patterns in two sympatric
ungulates. Ecol. Appl. 23, 1722-1734 (2013).

Lone, K. et al. Living and dying in a multi-predator landscape of
fear: roe deer are squeezed by contrasting pattern of predation
risk imposed by lynx and humans. Oikos 123, 641-651 (2014).

Van Beeck Calkoen, S. T. S., Deis, M. H., Oeser, J., Kuijper, D. P. J. &
Heurich, M. Humans rather than Eurasian lynx (Lynx lynx) shape
ungulate browsing patterns in a temperate forest. Ecosphere 13,
e3931(2022).

Retez, G. et al. Space use of a diverse megafauna community in
arewilding area in the southwestern Carpathians. Biol. Conserv.
302, 110977 (2025).

Mols, B., Lambers, E., Cromsigt, J. P. G. M., Kuijper, D. P. J. & Smit, C.
Recreation and hunting differentially affect deer behaviour and
sapling performance. Oikos 2022, e08448 (2022).

Gill, R. M. A,, Johnson, A. L., Francis, A., Hiscocks, K. & Peace, A. J.
Changes in roe deer (Capreolus capreolus L.) population density
in response to forest habitat succession. For. Ecol. Manag. 88,
31-41(1996).

Reimoser, F. & Gossow, H. Impact of ungulates on forest
vegetation and its dependence on the silvicultural system. For.
Ecol. Manag. 88, 107-119 (1996).

Ustaoglu, E. & Collier, M. J. Farmland abandonment in Europe:

an overview of drivers, consequences, and assessment of the
sustainability implications. Environ. Rev. 26, 396-416 (2018).

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Cimatti, M. et al. Large carnivore expansion in Europe is
associated with human population density and land cover
changes. Divers. Distrib. 27, 602-617 (2021).

Yates, K. L. et al. Outstanding challenges in the transferability of
ecological models. Trends Ecol. Evol. 33, 790-802 (2018).
Eggers, J., Lindner, M., Zudin, S., Zaehle, S. & Liski, J. Impact of
changing wood demand, climate and land use on European
forest resources and carbon stocks during the 21st century. Glob.
Change Biol. 14, 2288-2303 (2008).

Savje, F., Higgins, M. & Sekhon, J. scclust: size-constrained
clustering. R package version 0.2.5 (2024).

Higgins, M. J., Savje, F. & Sekhon, J. S. Improving massive
experiments with threshold blocking. Proc. Natl Acad. Sci. USA
113, 7369-7376 (2016).

Bjgrneraas, K., Van Moorter, B., Rolandsen, C. M. & Herfindal,

I. Screening global positioning system location data for errors
using animal movement characteristics. J. Wildl. Manag. 74,
1361-1366 (2010).

Borger, L. & Fryxell, J. in Dispersal Ecology and Evolution (eds
Clobert, J. et al.) Ch. 17 (Oxford Univ. Press, 2012).

Northrup, J. M., Hooten, M. B., Anderson, C. R. Jr & Wittemyer, G.
Practical guidance on characterizing availability in resource selection
functions under a use-availability design. Ecology 94, 1456-1463 (2013).
Joly, K. The effects of sampling regime on the analysis of
movements of overwintering female caribou in east-central
Alaska. Rangifer 25, 67-74 (2005).

Johnson, D. H. The comparison of usage and availability
measurements for evaluating resource preference. Ecology 61,
65-71(1980).

Peters, W. et al. Migration in geographic and ecological space by
a large herbivore. Ecol. Monogr. 87, 297-320 (2017).

Singh, N. J., Borger, L., Dettki, H., Bunnefeld, N. & Ericsson, G.
From migration to nomadism: movement variability in a northern
ungulate across its latitudinal range. Ecol. Appl. 22, 2007-2020 (2012).
Fattebert, J. et al. Little owls in big landscapes: informing
conservation using multi-level resource selection functions. Biol.
Conserv. 228, 1-9 (2018).

Holbrook, J. D., Squires, J. R., Olson, L. E., DeCesare, N. J. &
Lawrence, R. L. Understanding and predicting habitat for wildlife
conservation: the case of Canada lynx at the range periphery.
Ecosphere 8, e01939 (2017).

Hebblewhite, M. & Haydon, D. T. Distinguishing technology from
biology: a critical review of the use of GPS telemetry data in
ecology. Philos. Trans. R Soc. B Biol. Sci. 365, 2303-2312 (2010).
Olson, L. E. et al. Improved prediction of Canada lynx distribution
through regional model transferability and data efficiency. Ecol.
Evol. 11,1667-1690 (2021).

Qeser, J. et al. Integrating animal tracking datasets at a
continental scale for mapping Eurasian lynx habitat. Divers.
Distrib. 29, 1546-1560 (2023).

Holbrook, J. D. et al. Functional responses in habitat selection:
clarifying hypotheses and interpretations. Ecol. Appl. 29, e01852
(2019).

Paton, R. S. & Matthiopoulos, J. Defining the scale of habitat availability
for models of habitat selection. Ecology 97, 1113-1122 (2016).
Cohen, W.B., Yang, Z., Healey, S. P., Kennedy, R. E. & Gorelick,

N. A LandTrendr multispectral ensemble for forest disturbance
detection. Remote Sens. Environ. 205, 131-140 (2018).

Crist, E. P. & Cicone, R. C. A physically-based transformation of
thematic mapper data—the TM tasseled cap. IEEE Trans. Geosci.
Remote Sens. GE-22, 256-263 (1984).

Borowik, T., Pettorelli, N., Sénnichsen, L. & Jedrzejewska, B.
Normalized difference vegetation index (NDVI) as a predictor of
forage availability for ungulates in forest and field habitats. Eur. J.
Wildl. Res. 59, 675-682 (2013).

Nature Ecology & Evolution | Volume 10 | July 2026 | 1273-1286

1284


http://www.nature.com/natecolevol

Article

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

91. Street, G. M. et al. Habitat selection following recent disturbance:
model transferability with implications for management and
conservation of moose (Alces alces). Can. J. Zool. 93, 813-821
(2015).

92. Heinze, E. et al. Habitat use of large ungulates in northeastern
Germany in relation to forest management. For. Ecol. Manag. 261,
288-296 (2011).

93. QOeser, J. et al. Habitat metrics based on multi-temporal Landsat
imagery for mapping large mammal habitat. Remote Sens. Ecol.
Conserv. 6, 52-69 (2020).

94. Kennedy, R.E., Yang, Z. & Cohen, W. B. Detecting trends in forest
disturbance and recovery using yearly Landsat time series: 1.
LandTrendr—temporal segmentation algorithms. Remote Sens.
Environ. 114, 2897-2910 (2010).

95. Killeen, J. et al. Habitat selection during ungulate dispersal and
exploratory movement at broad and fine scale with implications
for conservation management. Mov. Ecol. 2,15 (2014).

96. Potapov, P. et al. The global 2000-2020 land cover and land use
change dataset derived from the Landsat Archive: first results.
Front. Remote Sens. 3, 856903 (2022).

97. Parente, L. et al. Annual 30-m maps of global grassland class and
extent (2000-2022) based on spatiotemporal machine learning.
Sci. Data11, 1303 (2024).

98. Chapron, G. et al. Recovery of large carnivores in Europe’s modern
human-dominated landscapes. Science 346, 1517-1519 (2014).

99. Kaczensky, P. et al. Distribution of large carnivores in Europe 2012
- 2016: distribution maps for brown bear, Eurasian lynx, grey wolf,
and wolverine. Dryad https://doi.org/10.5061/DRYAD.PC866T1P3
(2021).

100. Kaczensky, P. et al. Large Carnivore Distribution Maps and
Population Updates 2017 - 2022/23 (European Commission,
2024); https://doi.org/10.13140/RG.2.2.24301.70883

101. Dormann, C. F. et al. Collinearity: a review of methods to deal with
it and a simulation study evaluating their performance. Ecography
36, 27-46 (2013).

102. Gorelick, N. et al. Google Earth Engine: planetary-scale geospatial
analysis for everyone. Remote Sens. Environ. 202, 18-27 (2017).

103. Breiman, L. Random forests. Mach. Learn. 45, 5-32 (2001).

104. Shoemaker, K. T. et al. A machine-learning approach for extending
classical wildlife resource selection analyses. Ecol. Evol. 8,
3556-3569 (2018).

105. Ripari, L. et al. Human disturbance is the most limiting factor
driving habitat selection of a large carnivore throughout
continental Europe. Biol. Conserv. 266, 109446 (2022).

106. Valavi, R., Elith, J., Lahoz-Monfort, J. J. & Guillera-Arroita, G.
Modelling species presence-only data with random forests.
Ecography 44,1731-1742 (2021).

107. Roberts, D. R. et al. Cross-validation strategies for data with
temporal, spatial, hierarchical, or phylogenetic structure.
Ecography 40, 913-929 (2017).

108. Breiman, L., Cutler, A., Liaw, A. & Wiener, M. randomForest:
Breiman and Cutler’s random forests for classification and
regression. R package version 4.7-1.2 (2024).

109. Fieberg, J., Signer, J., Smith, B. & Avgar, T. A ‘how to’ guide for
interpreting parameters in habitat-selection analyses. J. Anim.
Ecol. 90, 1027-1043 (2021).

110. Matthiopoulos, J. et al. Establishing the link between habitat selection
and animal population dynamics. Ecol. Monogr. 85, 413-436 (2015).

11. Lucas, T. C. D. A translucent box: interpretable machine learning
in ecology. Ecol. Monogr. 90, e01422 (2020).

112. Faurby, S. et al. PHYLACINE 1.2: the Phylogenetic Atlas of Mammal
Macroecology. Ecology 99, 2626 (2018).

113. Oeser, J. et al. Increasing forest disturbance enhances habitat
suitability for Europe’s large herbivores. figshare https://doi.org/
10.6084/m9.figshare.30296536 (2026).

Acknowledgements

This paper was conceived of and written within the EUROMAMMALS
collaborative project (paper 20 of the EURODEER series; https://www.
eurodeer.org). We are grateful to all members of EUROMAMMALS
and Vectronic Aerospace for supporting the initiative. The
EUROMAMMALS spatial database is hosted by Fondazione Edmund
Mach, Trento, Italy. The collection of moose data from Poland was
funded through grant NN3042809940 of the Polish Ministry of
Science and Higher Education (to M.R.). The collection of moose
data from Sweden was funded by the thematic programme Wildlife
and Forestry and the research programme Adaptive Management of
Fish and Wildlife at the Swedish University of Agricultural Sciences,
Swedish Environmental Protection Agency, EU Interreg Il programme
Kvarken-MittSkandia, Swedish Association for Hunting and Wildlife
Management, Kempe Foundation, Administrative County Boards of
Vasterbotten and Norrbotten and several land owners. The collection
of European bison data from Poland was funded through: grant
2P04F 011 26 of the Polish Ministry of Science and Higher Education
(to R.K.); project POIS.02.04.00-00-0013/18 (Expansion of the
European Bison Support Base, co-funded by the Cohesion Fund of
the European Union under the Operational Programme Infrastructure
and Environment 2014-2020; to Magdalena Tracz, Maciej Tracz, R.B.,
M.G. and J.S.); the project ReCo—Restoring Degraded Ecosystems
along the Green Belt to Improve and Enhance Biodiversity and
Ecological Connectivity (CEO100098, co-financed by the Interreg
Central Europe programme with support from the European Regional
Development Fund 2021-2027; to J.S.); the Minister of Science under
the Regional Excellence Initiative Program for 2024-2027 (RID/
SP/0045/2024/01to J.S.); and the Forest Fund Poland (Complex
Monitoring of the Population and Habitat of the European Bison
(contract OR.271.3.10.2017) and Optimization of Management
Methods of European Bison Populations (contract EZ.281.3.8.25)).
The collection of roe deer data from Portugal was funded by the
Associagdo de Conservagédo do Habitat do Lobo Ibérico under the
project Reintrodugao do Corgo no Centro de Portugal. D.H. was
supported by a PhD grant (SFRH/BD/144437/2019), co-financed by the
European Social Fund POPH-QREN programme. R.T.T. was supported
by a research contract (2021.00690.CEECIND) from the Fundacgéo
para a Ciéncia e a Tecnologia. This work was funded by national
funds through the Fundagéo para a Ciéncia e a Tecnologia under the
project CESAM-Centro de Estudos do Ambiente e do Mar (references
UID/50017/2025 (https://doi.org/10.54499/UID/50017/2025) and
LA/P/0094/2020 (https://doi.org/10.54499/LLA/P/0094/2020)). C.S.
and A.V.-S. acknowledge funding from the European Union’s Horizon
Europe Research and Innovation Programme through the ForestPaths
project (Co-designing Holistic Forest-Based Policy Pathways for
Climate Change Mitigation; grant 101056755).

Author contributions

J.0.,RK., D. Kuijper, W.N., R.R., R.S., C.S. and T.K. conceived of the
study idea. R.K., D. Kuijper, W.N.,R.R.,R.S.,C.S.,,N.C.B., L.B.,, T.B., FC.,
M.C.,B.G., M.H., A.JM.H, K.J, MK, N.M., AM.,N.P,, GR., S. Seibold,
RTT,AV.-S,AM.A,RB., S.B., SC. RC., MG, D.H., M. Januszczak, A.J.,
M. Jezek, AK., D.Klich, A.L., J.L., M.-C.L.,, WM., E.M., RM.M., A.N., W.O.,
AO. FO. AP, M.P,KP, WP, MR, TR, S.Said, CC.S., KS., 1S, M.S.,
N.S., P.S., TT., Maciej Tracz, Magdalena Tracz and A.W.-G. contributed
datasets. H.B. and G.R. helped with data curation. J.O. performed

the formal analysis. J.O. wrote the original draft with help from R.K.,

D. Kuijper, W.N.,R.R.,R.S., C.S., H.B.,, N.C.B., L.B., T.B., F.C., MC.,BG.,
M.H., AJM.H., KJ., MK, N.M., AM., N.P, G.R,, S. Seibold, RTT. and
AV.-S. All authors contributed to the review and editing of the paper.
T.K. supervised the work.

Funding

Open access funding provided by Humboldt-Universitat zu Berlin.

Nature Ecology & Evolution | Volume 10 | July 2026 | 1273-1286

1285


http://www.nature.com/natecolevol
https://doi.org/10.5061/DRYAD.PC866T1P3
https://doi.org/10.13140/RG.2.2.24301.70883
https://doi.org/10.6084/m9.figshare.30296536
https://doi.org/10.6084/m9.figshare.30296536
http://www.eurodeer.org
http://www.eurodeer.org
https://doi.org/10.54499/UID/50017/2025
https://doi.org/10.54499/LA/P/0094/2020

Article

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

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41559-026-03096-0.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41559-026-03096-0.

Correspondence and requests for materials should be addressed to
Julian Oeser.

Peer review information Nature Ecology & Evolution thanks A. Cole Burton,
Murat Ersalman, Arjan Meddens and the other, anonymous, reviewer(s)
for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permissions informationis available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s)

and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third
party material in this article are included in the article’s

Creative Commons licence, unless indicated otherwise in a

credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder.

To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Julian Oeser®"?

, Rafat Kowalczyk ®3, Dries Kuijper®, Wiebke Neumann ®*, Rudolf Reiner®, Rupert Seidl ® °¢,

Cornelius Senf®’, Hendrik Bluhm®", Nadége C. Bonnot?, Luca Bérger ® °, Tomasz Borowik ® 3, Francesca Cagnacci®°,
Marcin Churski®?, Benedikt Gehr®", Marco Heurich® '***4, A. J. Mark Hewison ® 8, Klemen Jerina®'®, Max Kroschel ® 6,
Nicolas Morellet®2, Atle Mysterud®", Nives Pagon ® 8, Gabriele Retez® "%, Sebastian Seibold ®%°, Rita T. Torres®?',
Alba Viana-Soto ®7, Adrian Mihai Aldea??, Roksana Baryto?®, Sophie Baur?*, Sebastian Catanoiu® 2>?%, Rok Cerne',
Marcin Grzegorzek?, Dario Hipolito*?, Maciej Januszczak?, Anders Jarnemo?, Milo$ Jezek ® %°, Artirras Kibisa®,
Daniel Klich®%, Alain Licoppe ® %3, Julien Lievens®3, Matthias-Claudio Loretto ® 34, Weronika Maslanko®®,

Erling Meisingset ® ¢, Rasmus Mohr Mortensen ® ¥, Andras Nahlik®*3°, Wanda Olech®?, Astrid Olejarz>°,

Federico Ossi®'°, Algimantas Paulauskas®’, Maryline Pellerin®', Kajetan Perzanowski*?, Wibke Peters ®%*,

Mirostaw Ratkiewicz® *3, Thomas Rempfler ® **, Sonia Said ® #', Cilin Constantin Serban??, Kastytis Simkeviéius®,
Jakub Skorupski® 2%, Maria Sobczuk®?, Nikica Sprem ® *°, Peter Sunde®’, Tamas Tari ® *°, Maciej Tracz?,

Magdalena Tracz?®, Aleksandra Wotoszyn-Gateza?® & Tobias Kuemmerle ® ¥

'Geography Department, Humboldt-Universitat zu Berlin, Berlin, Germany. 2Department of Community Ecology, Helmholtz Centre for Environmental
Research, Halle, Germany. *Mammal Research Institute, Polish Academy of Sciences, Biatowieza, Poland. “Swedish University of Agricultural Sciences,
Umed, Sweden. *Berchtesgaden National Park, Berchtesgaden, Germany. *Ecosystem Dynamics and Forest Management Group, School of Life Sciences,
Technical University of Munich, Freising, Germany. "Earth Observation for Ecosystem Management Group, School of Life Sciences, Technical University of
Munich, Freising, Germany. 8Université de Toulouse, INRAE, CEFS, Castanet-Tolosan, France. °Department of Biosciences, Swansea University, Swansea,
UK. Animal Ecology Unit, Research and Innovation Centre, Fondazione Edmund Mach, San Michele all’Adige, Italy. "Department of Evolutionary Biology
and Environmental Studies, University of Zurich, Zurich, Switzerland. ?Department of National Park Monitoring and Animal Management, Bavarian Forest
National Park, Grafenau, Germany. *Chair of Wildlife Ecology and Wildlife Management, Faculty of Environment and Natural Resources, University of
Freiburg, Freiburg, Germany. “Department of Forestry andw Wildlife Management, University of Inland Norway, Koppang, Norway. "Department of Forestry
and Renewable Forest Resources, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia. '®Forest Research Institute Baden-Wrttemberg,
Freiburg, Germany. "Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo, Norway. ®Slovenian Forest
Service, Ljubljana, Slovenia. ®"WWF Romania, Bucharest, Romania. ZInstitute of Evolutionary Ecology and Conservation Genomics, University of Ulm, Ulm,
Germany. ?’Centre for Environmental and Marine Studies and Department of Biology, University of Aveiro, Aveiro, Portugal. 2Foundation Conservation
Carpathia, Brasov, Romania. West Pomeranian Nature Society, Szczecin, Poland. **Bavarian State Institute for Forestry, Freising, Germany. ®Vanatori
Neamt Nature Park, Vanatori Neamt, Romania. ?Romsilva, Bucharest, Romania. ?’Veterinary Biology Unit, Faculty of Veterinary Medicine, University

of Zagreb, Zagreb, Croatia. 2Museum and Institute of Zoology, Polish Academy of Sciences, Warsaw, Poland. 2School of Business, Innovation and
Sustainability, Halmstad University, Halmstad, Sweden. *®Department of Game Management and Wildlife Biology, Faculty of Forestry and Wood Sciences,
Czech University of Life Sciences, Prague, Czechia. *'Faculty of Forest Sciences and Ecology, Agriculture Academy, Vytautas Magnus University, Kaunas,
Lithuania. *?Institute of Animal Sciences, Warsaw University of Life Sciences, Warsaw, Poland. **Department of Natural and Agricultural Environment
Studies, Public Service of Wallonia, Gembloux, Belgium. **Research Institute of Wildlife Ecology, Department of Interdisciplinary Life Sciences, University
of Veterinary Medicine Vienna, Vienna, Austria. *Department of Animal Ethology and Wildlife Management, University of Life Sciences in Lublin, Lublin,
Poland. *®Division of Forest and Forest Resources, Norwegian Institute of Bioeconomy Research, As, Norway. ¥Department of Ecoscience, Aarhus University,
Aarhus, Denmark. *Sapientia Hungarian University of Transylvania, Cluj-Napoca, Romania. **University of Sopron, Sopron, Hungary. “°Faculty of Natural
Sciences, Vytautas Magnus University, Kaunas, Lithuania. 'Department of Research and Scientific Support, French Biodiversity Agency, Chateauvillain,
France. “Institute of Biological Sciences, Catholic University of Lublin, Lublin, Poland. “*Faculty of Biology, University of Biatystok, Biatystok, Poland. **Swiss
National Park, Zernez, Switzerland. “*University of Szczecin, Szczecin, Poland. “®Faculty of Agriculture, University of Zagreb, Zagreb, Croatia. “Integrative

Research Institute on Transformations of Human-Environment Systems, Humboldt-Universitat zu Berlin, Berlin, Germany.

e-mail: julian.oeser@gmail.com

Nature Ecology & Evolution | Volume 10 | July 2026 | 1273-1286

1286


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-026-03096-0
https://doi.org/10.1038/s41559-026-03096-0
https://doi.org/10.1038/s41559-026-03096-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-3216-6817
http://orcid.org/0000-0001-7264-2158
http://orcid.org/0000-0002-0000-4816
http://orcid.org/0000-0002-3338-3402
http://orcid.org/0000-0002-2389-2158
http://orcid.org/0000-0001-7809-3321
http://orcid.org/0000-0001-8763-5997
http://orcid.org/0000-0003-0321-8200
http://orcid.org/0000-0002-4954-9980
http://orcid.org/0000-0001-8727-0203
http://orcid.org/0000-0002-1044-9296
http://orcid.org/0000-0003-0051-2930
http://orcid.org/0000-0002-2276-4154
http://orcid.org/0000-0003-3946-2678
http://orcid.org/0000-0002-2978-1547
http://orcid.org/0000-0002-4274-7044
http://orcid.org/0000-0001-8993-7382
http://orcid.org/0009-0001-2462-5203
http://orcid.org/0009-0000-4602-6829
http://orcid.org/0000-0002-7968-4489
http://orcid.org/0000-0003-4570-459X
http://orcid.org/0000-0001-5595-2170
http://orcid.org/0000-0003-0997-2343
http://orcid.org/0000-0002-4127-9947
http://orcid.org/0000-0002-8927-8628
http://orcid.org/0000-0002-1940-3470
http://orcid.org/0000-0001-9145-2480
http://orcid.org/0000-0003-4975-608X
http://orcid.org/0000-0001-9004-9649
http://orcid.org/0000-0002-7105-428X
http://orcid.org/0000-0003-2929-3612
http://orcid.org/0009-0009-7415-6052
http://orcid.org/0000-0003-1485-8297
http://orcid.org/0000-0001-6899-701X
http://orcid.org/0000-0002-3475-6653
http://orcid.org/0000-0002-6459-6945
http://orcid.org/0000-0002-9775-142X
mailto:julian.oeser@gmail.com

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

65°N 1

60°N -

55°N

50°N

45°N .

'3. g
7 "m
40°N 1 y 9
35°N 4
| —ET
0° 20°E
= European bison ¢ Moose 4 Reddeer * Roe deer

Extended Data Fig. 1| Number of tracked animals per species and study site. aCreative Commons license CC BY-SA 2.0. Animal silhouettes from PhyloPic
Coloured shapes indicate the location of study sites, and numbers indicate the under a Creative Commons license: C. elaphus and C. capreolus, Ferran Sayol

number of individuals tracked per site. Country shapefile data from GADM under (CCO01.0); A. alces, xgirouxb (PDM 1.0); B. bonasus, Steven Traver (PDM 1.0).

Nature Ecology & Evolution


http://www.nature.com/natecolevol
http://creativecommons.org/licenses/by-sa/2.0/deed.en
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

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

European bison Moose

200+ ﬂ %\

150

100+

50

Red deer Roe deer

! 1o o

1504

Number of tracked animals

1004

50

2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year

. European bison . Moose . Red deer . Roe deer
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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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suitability for moose across time since disturbance. Effects are estimated combinations not represented in our dataset are masked to avoid extrapolating
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Extended DataFig. 7 | Influence of environmental variables on relative habitat  suitability in the year 2000 to facilitate comparisons across species. Value

suitability for red deer across time since disturbance. Effects are estimated combinations not represented in our dataset are masked to avoid extrapolating
based on PDPs of habitat selection models. PDPs were centred by subtracting the models. TCG = tasseled cap greenness (vegetation index). HMI=human
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undisturbed forest areas. Suitability was standardized based on forest habitat A. alces, xgirousxb (PDM1.0); B. bonasus, Steven Traver (PDM 1.0).
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Extended DataFig. 8| Influence of environmental variables onrelative habitat  suitability in the year 2000 to facilitate comparisons across species. Value

suitability for roe deer across time since disturbance. Effects are estimated combinations not represented in our dataset are masked to avoid extrapolating
based on PDPs of habitat selection models. PDPs were centred by subtracting the models. TCG = tasseled cap greenness (vegetation index). HMI=human
average suitability per year since disturbance value to focus on the mediation modificationindex (range:1-100). Animal silhouettes from PhyloPic under a
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undisturbed forest areas. Suitability was standardized based on forest habitat A. alces, xgirousxb (PDM1.0); B. bonasus, Steven Traver (PDM 1.0).
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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

Variable Native Unit Scale Number of time Data source
resolution steps (years)

Month - - - - -

Sex - - - - -

Forest mask 30m - Local 1 (1986) Landsat satellite
imagery

Years since 30m Years Local 37 (1986-2023) Landsat satellite

disturbance imagery

Area share of 30m % Home 37 (1986-2023) Landsat satellite

recently disturbed range imagery

forest (< 10 years)

Disturbance agent 30m - Local 37 (1986-2023) Landsat satellite
imagery

Size of disturbance 30m ha Local 37 (1986-2023) Landsat satellite

patches imagery

Disturbance severity ~ 30m NBR Local 37 (1986-2023) Landsat satellite
imagery

Median of Tasseled 30m TCG Local 37 (1986-2023) Landsat satellite

Cap greenness, imagery

wetness, and

brightness

Inter-decile range of  30m TCG Local 37 (1986-2023) Landsat satellite

Tasseled Cap imagery

greenness, wetness,

and brightness

Topographic ~90m m Local 1 Multi-Error-

ruggedness index Removed Improved-
Terrain DEM

Mean winter ~1km °C Local 1 CHELSA climate data

temperature

Mean summer ~1km °C Local 1 CHELSA climate data

temperature

Transportation ~1km HMI Local 5(1990, 2000, 2010, Global Human

infrastructure 2015, 2017) Modification Index

Human population 100m ppl/km? Home 6 (1995, 2000, 2005, Global Human

density range 2010, 2015, 2020) Settlement Layer
(GHSL)

Cropland cover 30m % Home 5 (2000, 2005, 2010, GLAD Global Land

range 2015, 2020) Cover and Land Use

Change

Natural grassland 30m % Home 22 (2000-2022) Global Pasture

cover range Watch annual
grassland maps

Managed grassland 30m % Home 22 (2000-2022) Global Pasture

cover range Watch annual
grassland maps

Tree cover 30m % Home 5(2000, 2005, 2010, GLAD Global Land

range 2015, 2020) Cover and Land Use

Change

Permanent presence  10km - Local 3 (2006, 2012, 2017) Distribution maps

of grey wolf, Eurasian
lynx, and brown bear

created by Large
Carnivore Initiative
for Europe (LCIE)

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
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administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.
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Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This is a continental-scale, multi-species, and long-term assessment of how forest disturbances impact large herbivore habitat
selection and suitability across Europe. It links animal tracking data (3,069 individuals) with satellite-derived time series of forest
disturbance, climate, and human pressure variables.

Animal tracking datasets were used to build habitat selection models per species. Then, these models were used to predict habitat
suitability across a stratified sample of disturbed and undisturbed forest areas across Europe to infer species responses to forest
disturbances as well as changes in forest habitat suitability across time.

Research sample GPS tracking data from 228 European bison (Bison bonasus; 175 female/53 male), 768 moose (Alces alces; 592 female / 176 male),
918 red deer (Cervus elaphus; 685 female / 233 male), 1143 roe deer (713 female / 430 male)

Sampling strategy The study utilized presence-background datasets to model habitat selection. To avoid bias, data were down-sampled at the animal
level to ensure an equal number of locations across environmental clusters in the data.
To calculate the required sample sizes for estimating habitat suitability in disturbed and undisturbed forest areas per hexagonal grid
cell across Europe, we used a sample size formula for estimating a population mean with a relative margin of error.

Data collection Tracking datasets were collected by the co-authors and by members of the EUROMAMMALS network (https://euromammals.org/).

Timing and spatial scale  Study extent: continental scale across Europe, covering the current and potential ranges of the four species.
Prediction scales: predictions of habitat selection / suitability were made at a spatial resolution of 30m grid cells, and sample pixels of
disturbed and undisturbed forest pixels were aggregated at the level of 100 km-wide (8,660km?) hexagons.
Temporal scale: Tracking data were collected between 1997 and 2023.
Forest disturbance maps covered 1986-2023
Habitat suitability predictions covered the period 2000 to 2023.




Data exclusions None of the available animal tracking datasets were excluded a priori from the analysis. Tracking datasets per animal were sub-
sampled to reduce spatiotemporal autocorrelation and balance datasets across environmental clusters in the data. Tracks
(consecutive GPS observations) with fewer than 30 observations were removed from the analysis to allow the calculation of home
ranges (available habitats).

Reproducibility Datasets for building habitat selection models are made available through a Figshare data repository. Throughout the development
of the analytical workflow, habitat selection models were re-run several time to ensure the consistency of results.

Randomization This is a large-scale, correlational study using remote sensing and animal tracking data; experimental groups were not allocated, so
randomization of organisms/samples is not applicable

Blinding This is a large-scale, correlational study using remote sensing and animal tracking data; blinding of researchers to samples or
measurements is not applicable

Did the study involve field work? |:| Yes |Z| No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines X|[] Flow cytometry
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|Z Palaeontology and archaeology |Z |:| MRI-based neuroimaging
] Animals and other organisms

|Z Clinical data

Dual use research of concern

Plants

X

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were used for this study.

Wild animals Animal tracking datasets used in this study comprise previously collected datasets aggregated across many study areas. Data from
228 European bison (Bison bonasus; 175 female/53 male), 768 moose (Alces alces; 592 female / 176 male), 918 red deer (Cervus
elaphus; 685 female / 233 male), 1143 roe deer (713 female / 430 male) were collected using GPS collars. All captured animals were
released after tagging.

Reporting on sex For all species, tracking data from more females than males was available: 228 European bison (Bison bonasus; 175 female/53 male),
768 moose (Alces alces; 592 female / 176 male), 918 red deer (Cervus elaphus; 685 female / 233 male), 1143 roe deer (713 female /
430 male). Sex was accounted for in the habitat selection models by adding sex as a predictor to the random forest models. Sex-wise
predictions of habitat selection models indicated that responses to forest disturbance did not clearly differ between sexes.

Field-collected samples  No laboratory work was done for this study.

Ethics oversight All animal capture and tagging procedures were performed in strict compliance with the relevant national and institutional guidelines
and legislations. The collection of animal tracking data was approved by the respective permit-issuing bodies for each study site
across Europe.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atthentication-procedtres foreach seed stock tised-ornovel-genotype generated-—Describe-any-experiments-tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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