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Abstract

Context Structure is a central dimension of forest
ecosystems that is closely linked to their capacity to
provide ecosystem services. Drivers such as changing
disturbance regimes are increasingly altering forest
structure, but large-scale characterizations of forest
structure and disturbance-mediated structural dynam-
ics remain rare.

Objectives Here, we characterize large-scale pat-
terns in the horizontal and vertical structure of moun-
tain forests and test for the presence of alternative
structural states. We investigate factors determining
the occurrence of structural states and the role of dis-
turbance and recovery in transitions between states.
Methods We used spaceborne lidar (GEDI) to char-
acterize forest structure across the European Alps.
We combined GEDI-derived structural metrics with
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Landsat-based disturbance maps and related structure
to topography, climate, landscape configuration, and
past disturbances.

Results We found two alternative states of forest
structure that emerged consistently across all forest
types of the Alps: short, open-canopy forests (24%)
and tall, closed-canopy forests (76%). In the absence
of disturbance, open-canopy forests occurred at high
elevations, forest edges, and warm, dry sites. Distur-
bances caused a transition to open-canopy conditions
in approximately 50% of cases. Within 35 years after
disturbance, 72% of forests recovered to a closed-can-
opy state, except in submediterranean forests, where
recovery is slow and long-lasting transitions to open-
canopy conditions are more likely.

Conclusions As climate warming increases distur-
bances and causes thermophilization of vegetation,
transitions to open-canopy conditions could become
more likely in the future. Such restructuring could
pose a challenge for forest management, as open-can-
opy forests have lower capacities for providing impor-
tant ecosystem services.

Keywords Mountain forests - GEDI - Disturbance -
Basins of attraction - Recovery
Introduction

There is emerging evidence that mountain forests
in the European Alps are experiencing accelerating
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changes in structure and composition due to climate
and land-use change (Thom and Seidl 2022), as well
as an increasing frequency of natural disturbances
(Senf et al. 2021). The ecological resilience of forests
to disturbances, i.e. the ability to recover their struc-
ture and functions after disturbances, is therefore of
growing concern in forest management (Nikinmaa
et al. 2020). In theory, ecological resilience is often
described through the concept of alternative stable
states or domains of attraction (Holling 1973; Miller
et al. 2019), where resilience is the capacity of a sys-
tem to return to its previous basin of attraction after
a disturbance rather than shift to an alternative stable
state (Carpenter et al. 2001). However, the limited
availability of information on horizontal and verti-
cal forest structure and dynamics across large spa-
tial scales makes it difficult to characterize basins of
attraction and recovery trajectories in practice.

Evidence for the existence of alternative stable
states has been reported for forest-shrubland mosa-
ics (Cramer et al. 2019; Miller et al. 2019; Falk
et al. 2022) and in tropical forest-grassland-savanna
systems, where the distribution of tree cover shows
three distinct modes (Hirota et al. 2011). The alter-
native states are thought to be in stable equilibrium,
determined by climate (Hirota et al. 2011) and stabi-
lized by positive feedbacks, such as frequent fires in
savannas and soil development in forests (Murphy
and Bowman 2012; Van Nes et al. 2014; Cramer et al.
2019). However, changes in climate and disturbance
regimes could cause transitions from closed forest to
more open systems such as open forests or shrubland
states (Tepley et al. 2017; Miller et al. 2019; Falk
et al. 2022). Transitions from closed to open forests
could leave long-lasting imprints on forest structure
and function (McDowell et al. 2020). For example, a
simulation study in mountain forests in the European
Alps demonstrated that climate warming could lead
to an irreversible transition to an alternative stable
state with smaller trees (Albrich et al. 2020). How-
ever, observational evidence for such transitions in
temperate mountain forests is rare.

The mountain forests of the Alps are characterized
by complex structures that are shaped by strong topo-
graphic and climatic gradients, as well as land use,
natural disturbances, and their interactions (Kula-
kowski et al. 2011; Bebi et al. 2017; Conedera et al.
2017). To date, assessments of mountain forest struc-
tures and dynamics often focused on individual sites
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or landscapes, using field surveys or airborne lidar
data (Winter et al. 2015; Wohlgemuth et al. 2017;
Senf et al. 2019). Such studies have shown that dis-
turbances, including windthrow and bark beetle out-
breaks, can modify the structure and functions of
mountain forests over long time periods (Bottero et al.
2013; Wohlgemuth et al. 2017; Caduff et al. 2022).
A few decades after large disturbances, many moun-
tain forests are on track towards recovering a closed
canopy (Senf and Seidl 2022), but have not yet fully
recovered their functions, e.g., the capacity to provide
protection from natural hazards (Wohlgemuth et al.
2017; Baggio et al. 2022; Caduff et al. 2022). Post-
disturbance recovery may become more challenging
as disturbance regimes change (Senf et al. 2021). If,
for instance, disturbance intervals become shorter
than the time forests need to reach maturity, forest
regeneration could be hampered, which may lead to a
transition to alternative states (Johnstone et al. 2016).
However, the high spatial variability of mountain for-
est structure and the stochastic nature of disturbances
make it difficult to generalize findings from individ-
ual disturbed sites or landscapes to larger ecologi-
cal regions. To identify patterns of alternative states
or evaluate the probability that disturbances cause a
transition between these states, consistent information
on forest structure is therefore needed across a wider
spatial extent.

In recent years, significant progress has been made
in observing forest dynamics across large scales
by detecting changes in canopy cover from optical
remote sensing (Hansen et al. 2013; Seidl et al. 2020;
Senf 2022). Based on such observations, large forest
areas in Europe have been found to be rather resil-
ient to disturbances, recovering their pre-disturbance
canopy cover in ca. 20 years, i.e., a time period much
shorter than the return interval of disturbances (Senf
and Seidl 2022). However, optical observations of
canopy cover do not capture changes in vertical struc-
ture, tree height or amount of biomass (Bolton et al.
2017), which are needed to differentiate forests from
shrubland (Riietschi et al. 2021), and which deter-
mine the capacity to provide important forest eco-
system services (Stritih et al. 2021). To address this
gap and improve global biomass estimates, NASA
launched a new spaceborne lidar system in 2018,
called the Global Ecosystem Dynamic Investiga-
tion (GEDI). GEDI is a laser remote sensing system,
specifically designed to provide information about
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vertical vegetation structure across the temperate and
tropical zones (Dubayah et al. 2020). With the launch
of GEDI, consistent information about forest struc-
ture is now available across large spatial scales (Sch-
neider et al. 2020).

Here, we use spaceborne lidar data from GEDI
to analyze forest structure across all forests of the
European Alps (10" 563’ 360 ha) to identify patterns
of forest structure. Specifically, we test for the pres-
ence of alternative states in mountain forest structure
and investigate how climate, topography, landscape
configuration, and disturbance history influence the
prevalence of particular states. We hypothesize that
disturbance and recovery are major drivers causing
transitions between states. To test this hypothesis, we
combine GEDI-derived forest structure with Landsat-
based disturbance maps to examine post-disturbance
forest dynamics.

Methods
Study area

Our study area covers the full European Alps as
defined by the Alpine Convention, i.e. a total land
area of 19 Mill. ha with 10.5 Mill. ha of forests (see
Fig. 1). The European Alps are characterized by steep
elevational gradients (from near sea level to above
4000 m a.s.l.), are situated between different climatic
zones (i.e., temperate-Atlantic, temperate-continental,
Mediterranean, Pannonian), have a long and varied
history of human land use (Conedera et al. 2017),
and feature a high diversity of vegetation and forest
types. The most widespread potential natural veg-
etation type is deciduous broadleaf forest (Bohn et al.
2004), mainly dominated by European beech (Fagus
sylvatica L.), although forest composition has been
modified by past land use, with forest management
promoting Norway spruce (Picea abies (L.) Karst.).
At higher elevations, broadleaved forests give way to
conifers, including Norway spruce, European larch
(Larix decidua L.), and pines (mainly Swiss stone
pine Pinus cembra L., and mountain pine Pinus mugo
Turra) as well as shrubs such as green alder (Alnus
viridis (Chaix) D.C.) (Riietschi et al. 2021). The tree-
line in the Alps varies between around 1800 m a.s.l.
in the northern and southern Alps to up to 2400 m
a.s.l. in the central Alps, although the actual treeline

is frequently below the potential treeline because of
land use (Gehrig-Fasel et al. 2007). On dry, south-
facing slopes and in the south-western Alps near
the Mediterranean Sea, submediterranean forests
dominate, characterized by species such as downy
oak (Quercus pubescens Willd.) (Bohn et al. 2004).
During the last decades, the forests of the Alps have
expanded due to land abandonment (Bebi et al. 2017).
They have also experienced an increasing frequency
of natural disturbances such as windthrows, bark
beetle outbreaks, and forest fires (Sebald et al. 2021;
Senf et al. 2021). These developments are of press-
ing concern for forest management, as many moun-
tain communities in the Alps rely on forests to pro-
vide essential ecosystem services, such as protection
from natural hazards (Sebald et al. 2019; Stritih et al.
2021).

Global ecosystem dynamics investigation (GEDI)

GEDI is a spaceborne lidar (light detection and rang-
ing) mission, installed on the International Space Sta-
tion in 2018 and providing data since March 2019.
Being an active remote sensing system, GEDI uses
4 laser beams to scan the Earth’s surface across tem-
perate and tropical regions in eight transects along its
orbital track, sampling locations every 60 m along
each transect, and aiming to sample around 4% of
the Earths surface during its mission (Dubayah et al.
2020). For each sample footprint of 25 m diameter,
GEDI sends out a waveform and measures its return,
reflected from the ground and vegetation. After
separating vegetation and ground returns, vegeta-
tion structural metrics such as percentiles of canopy
height, fraction of canopy cover, plant area index, and
foliage height diversity can be derived (Schneider
et al. 2020). These metrics are freely available online
in the GEDI Level 2A and 2B products.

To characterize mountain forests of the Europe
Alps, we focused on two ecologically relevant met-
rics: tree cover and the 75th percentile of relative
height (i.e. the canopy height below which 75% of
the waveform energy is reflected). While a large
array of additional metrics are available, our explora-
tory analyses showed that many metrics from GEDI
are highly correlated, with cover and height captur-
ing most of the variability (see Supporting informa-
tion). The 75th percentile of relative heights (RH75)
was chosen over other height percentiles because it is
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Fig. 1 Map of the Alps (defined by the borders of the Alpine
convention) with the number of available GEDI footprints in
forests in each 4 km? grid cell. Only the footprints measured
during June—August 2019-2021, filtered by slope and quality
flag were used. The inset maps show the distribution of GEDI

expected to best reflect stand dynamics while simulta-
neously being less sensitive to individual tall or resid-
ual trees (Bolton et al. 2015). To include only leaf-on
measurements in our analyses (Potapov et al. 2021),
we used GEDI data acquired during the period from
June to August in the years 2019 to 2021. In addition,
we filtered the measurements based on quality flags
and only included footprints fully covered by for-
est according to a remote sensing-based forest cover
map (Senf and Seidl 2021). To avoid edge effects
stemming from possible geolocation errors (Dubayah
et al. 2020), we buffered each GEDI footprint by 9 m
before intersection with the forest mask (see Fig. 1).
GEDI data were processed using the rGEDI package
(Silva et al. 2020).
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GEDI points (25 m diameter)
"% Buffer (geolocation error)

footprints in a mountain landscape in the Swiss Alps. To select
only footprints located in forests while accounting for pos-
sible geolocation errors, we used a buffer of 9 m around the
25-m-diameter GEDI footprints

Steep slopes have been found to affect the accu-
racy of spaceborne lidar measurements (Schneider
et al. 2020; Fayad et al. 2021; Liu et al. 2021). In a
preliminary assessment of data quality, we found
higher values of GEDI metrics (including cover and
height) on steeper slopes. To address artefacts related
to topography, we tested two approaches (i.e., the
selection of ground-detection algorithms Tang et al.
2014; Tang and Armston 2019) and slope-adaptive
metrics (Wang et al. 2019; Fayad et al. 2021)), and
compared them with a reference dataset from the Ger-
man Alps derived by means of airborne laser scanning
(Mandl et al. in prep). None of the tested alternative
approaches consistently improved the correspondence
to our reference dataset. Hence, we continued to use
default GEDI metrics, but excluded footprints above
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40° of slope from our analysis (corresponding to 7.8%
of all forested GEDI footprints; see detailed descrip-
tion in the Supporting information). After filtering,
over 2.7 million GEDI footprints were available across
the Alps. In many of the densely forested areas of the
southern and eastern Alps, more than 50 footprints per
square kilometer were measured (see Fig. 1), although
the distribution of GEDI tracks in space is uneven due
to variations in the orbital tracks of the International
Space Station (Dubayah et al. 2020).

Identifying potential alternative structural states and
their drivers

We used a gaussian mixture model (Scrucca et al.
2016) to distinguish potential alternative states in
forest structures based on canopy cover and the 75th
percentile of height. Gaussian mixture models are
probabilistic models where the data is represented
as a combination of Gaussian distributions (compo-
nents), with each component corresponding to a clus-
ter in the data. As such, Gaussian mixture models are
particularly well suited for modelling data with mul-
timodal distributions. The optimal number of compo-
nents was selected based on the Bayes Information
Criterion (Fraley and Raftery 1998), and the member-
ship (i.e. probability of belonging to each cluster) was
calculated for each GEDI footprint.

To investigate how environmental conditions deter-
mine a forests’ likelihood of being in any given state,
we modelled the probability of membership in each
cluster based on a set of four predictor groups: (1)
topography, (2) climate, (3) forest composition and
configuration and (4) disturbance history. Topographic
predictors included elevation, slope and terrain rough-
ness, all derived from the Copernicus 25 m European
digital elevation model (EU-DEM v1.1 2016). Slope
aspect (northerness and easterness) and terrain position
were also included in a preliminary analysis, but did
not improve the performance of the model, and were
omitted from subsequent analyses. Climate predictors
included mean annual temperature, mean annual pre-
cipitation, and mean annual temperature seasonality,
all derived from CHELSA V2.1 (Karger et al. 2017).
Forest composition and configuration were described
through the potential natural vegetation type (Bohn
et al. 2004) and the distance to the closest forest edge.
We specifically focused our analysis on the four main
potential natural vegetation types of the Alps according

to Bohn et al. (2004): subalpine, mesophytic conifer-
ous (including montane and altimontane spruce- and
fir-dominated forests), mesophytic deciduous (mainly
colline to montane beech forests, with some oak for-
ests) and submediterranean forests. Together, these four
types account for 88% of the forest area of the Alps.
For a detailed description of the major vegetation types
occurring in the Alps, see the Supporting informa-
tion. Disturbance history predictors were derived from
an existing remote sensing-based forest disturbance
map covering the time period 1986 to 2020 (Senf and
Seidl 2021) and included the time since the last stand-
replacing disturbance, the proportion of the GEDI foot-
print disturbed (including a 9-m buffer to account for
geolocation error) and the size of the disturbance patch.
The disturbance product used includes both natural
disturbances and human disturbances (e.g., timber har-
vesting). To capture potential nonlinear and interacting
effects of the environmental predictors on the member-
ship in a given state, we used a non-parametric random
forest model (Breiman 2001), using equal sampling
across states. We calculated the permutation-based
importance of the predictor variables (Breiman 2001;
Genuer et al. 2015) and performed a ten-fold cross-vali-
dation, where 90% of the footprints were used for train-
ing and 10% for validation in each iteration.

Among all the forested GEDI footprints, 24% over-
lapped at least partly with disturbances that occurred
since 1986, while only 117’ 174 (4.3%) were located
entirely inside a disturbance patch. To further inves-
tigate the specific role of disturbances in transitions
between alterative states, fully disturbed GEDI foot-
prints (i.e., those where>95% of the area was dis-
turbed) were analyzed in a space-for-time approach.
The distributions of structural metrics were plotted over
time since disturbance in 5-year time steps, and the
mean cluster membership was calculated as a function
of time since disturbance for the main types of poten-
tial natural vegetation, as this classification captures
the broad-scale variability of site conditions across the
Alps, from subalpine to submediterranean forests.

Results
Alternative states of forest structure

We found a bimodal distribution of height and cover
across all the main potential natural vegetation types
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in the Alps (Fig. 2). Both modes separated well into
two distinct clusters in the gaussian mixture model-
ling. The two-cluster solution was more likely than
any other number of clusters or no clustering at all,
suggesting strong evidence for two alternate states in
forest structure across the European Alps. Most foot-
prints belong to the first cluster of tall, closed-canopy
forests, with cover above ca. 0.75 and RH75 above
ca. 10 m. We refer to this cluster as closed-canopy
state in the following. The proportion of forests in the
closed-canopy state is highest in mesophytic decidu-
ous forests (81%) as well as in mesophytic conifer-
ous forests (77%), and lower in subalpine (72%) and
submediterranean (67%) forests. The second clus-
ter was characterized by short and open forests and
is referred to as open-canopy state in the following.
Open-canopy states appear most frequently in the
south-western Alps, as well as in inner-Alpine forests
at high elevations (Fig. 3). Zooming in to the land-
scape scale, we can observe open-canopy forests near
forest edges, i.e., close to the upper treeline as well as
at the bottom of mountain valleys (Fig. 3).

The random forest model fitted to predict the
membership of forests in either the closed- or open-
canopy state had an overall predictive accuracy
of 70%, with an area under the receiver-operator
curve (AUC) value of 0.75, indicating acceptable
model performance (Hosmer and Lemeshow 2000).
The most important predictors of the open-canopy
state were elevation, time since disturbance, dis-
tance to forest edge, slope, and mean annual tem-
perature (Fig. 4). Both elevation and temperature
have two local maxima, where open-canopy states
are more likely to occur at high elevations and low
temperatures, but also at low elevations and high
temperatures. Footprints located near forest edges
(<100 m) are more likely to be in the open-canopy
state. The probability of being in an open-canopy
state decreases with time since disturbance (Fig. 4),
although the open-canopy state can also be found
in 21% of forests that have not been disturbed since
1986.
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Fig. 2 Distribution of GEDI footprints in a space defined by
canopy cover [0,1] and the 75th percentile of relative height
(m) for four of the main potential natural vegetation types in
the Alps (following Bohn et al. 2004). Marginal distributions
show the distributions of each variable for the two clusters
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identified with a Gaussian mixture model, where one cluster
represents tall, closed-canopy forests and the second cluster
represents short, open-canopy forests. The same figure includ-
ing only undisturbed forests is shown in the Supporting infor-
mation (Fig. S7)
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Fig.3 Map of the proportion of GEDI footprints classi-
fied as open-canopy forest across the Alps. Country borders
are shown in black, and major rivers and lakes in grey. In the

The role of disturbances in transitions between
alternative states

Disturbances are an important driver of transitions
between alternative structural states in mountain
forest ecosystems. When analyzing only footprints
that have been disturbed within the last 35 years,
we observe a clear shift from the open-canopy state
towards the closed-canopy state over time since dis-
turbance (Fig. 5; see Figure S6 for changes in individ-
ual structural metrics). The observed recovery pattern
is consistent across subalpine and mesophytic forest
types, although it is partly modified by temperature,
with slower recovery at high elevations and low tem-
peratures, as well as at sites with high mean annual
temperatures (see interactions between time since dis-
turbance and other variables in Figure S9). In subal-
pine and mesophytic coniferous forests, the probabil-
ity of forests being in a closed-canopy state 35 years

Germany
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d Austria J
. Ay
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| State
® Closed-canopy
® Open-canopy

o 0 1000 2000 m
"
‘ . | I

zoom-in on a Swiss mountain landscape, open-canopy forests
mostly occur near forest edges, i.e. close to the upper treeline
or at the valley bottom

after a disturbance is similar to that of undisturbed
forests (Fig. 6). In the potential natural vegetation
zone of mesophytic deciduous forests, recovery accel-
erates 15 years after disturbance. Yet, after 35 years,
disturbed forests are still more likely to be in an open-
canopy state than undisturbed forests in this forest
type (see Fig. 6). A much slower recovery rate was
observed in submediterranean forests (Fig. 5), where
the majority of forests remain in an open-canopy state
even 35 years after disturbance (Fig. 6).

Discussion

In this study, we used novel spaceborne lidar data to
characterize spatial and temporal patterns in vertical
forest structure across the European Alps. From low-
elevation deciduous forests to subalpine coniferous
forests, we found a consistent bimodal distribution of

@ Springer



Landsc Ecol

Elevation -

Time since disturbance -
Distance to edge -

Slope -

Mean annual temperature -
Fraction disturbed -
Roughness -

Precipitation -

Potential natural vegetation -
Seasonality -

Disturbance size -

0.01

o
o-
S

. Climate

. Composition and configuration

. Disturbance
. Topography

0.02

©
=}
&

Importance (open—canopy state)

Elevation

o
[e2}
1

N

o
(rl
Probability (open—-canopy state)

o
n
'

Probability (open—canopy state)

1000 1500 2000 2500

Elevation [m a.s.l.]

0 500

Distance to edge

;

Probability (open—canopy state)
o
P

Probability (open—canopy state)
o o
= 2

0 500 1000 1500

Distance to edge [m]

Fig. 4 Variable importance (top) for the random forest model
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partial dependence plots (bottom) showing the probability of
open-canopy forests based on the most important variables

structural characteristics that indicate two alternative
states in forest structure across a wide range of envi-
ronmental conditions. While most GEDI footprints
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represented closed-canopy forests, open-canopy for-
ests are more prevalent at high elevations, at very cold
or very warm sites, and near forest edges. Notably,
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time after disturbance for
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these alternative states were also observed in the
absence of recent disturbance; they thus do not only
represent a transient effect of disturbance and recov-
ery, but rather are likely to be true alternative states of
forest vegetation. At the upper treeline, for instance,
low temperatures and harsh winter conditions limit
tree recruitment and growth (Frei et al. 2018). In open
areas, seedlings are more likely to by damaged by
wind and frost (Presas et al. 2009), which inhibits tree
establishment, representing a stabilizing feedback for
keeping forests in an open-canopy state near the tim-
ber line (D’Odorico et al. 2013). A further stabilizing
feedback of open forests is the encroachment of light-
demanding shrubs such as green alder and mountain
pine in open areas, including avalanche tracks and
abandoned pastures (Anthelme et al. 2001; Dullinger
et al. 2003), which may inhibit the recruitment of
spruce and larch (Dullinger et al. 2005; Lingua et al.
2008; Senfeldr et al. 2014). Howeyver, transitions are
possible: Once some level of tree cover is established,
it creates a more suitable microclimate for new seed-
lings, leading to a positive feedback on establishment
and eventually resulting in canopy closure (Lingua
et al. 2008; Presas et al. 2009; D’Odorico et al. 2013;
Bader et al. 2021). Besides the upper treeline, for-
est edges occur at the interface with other land uses,
mainly pastures or meadows, and permanently open
areas such as streams or frequent avalanche tracks. In
fact, over 70% of the GEDI footprints in the Alps are
within 200 m of a forest edge. At the forest edge, trees
are more exposed to wind disturbance due to reduced
sheltering from other trees (Seidl et al. 2014), and
the microclimate is drier than inside the forest (De
Frenne et al. 2021), which may limit tree regenera-
tion at dry sites (Harvey et al. 2016). Our findings of
increased propensity of open forests close to forest
edges are in line with a recent empirical analysis from
the northern Alps, finding a significant reduction of
tree basal area in close proximity to an edge (Popperl
and Seidl 2021).

Disturbances are major agents of change in for-
ests and can cause a shift from closed-canopy for-
ests to open-canopy forests. However, we find that
disturbances frequently do not lead to such a transi-
tion between alternative structural states in the Alps.
In fact, over 50% of disturbed forests remain in the
closed-canopy cluster also after disturbances (Fig. 6),
indicating that most disturbances in the Alps are of
a low or intermediate severity. It is important to note
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that disturbances in the Alps are small relative to the
grain of the disturbance product used herein (Land-
sat-based, 30 m grain). Many disturbance patches
detected by Landsat will thus be composed only of
pixels containing the edge of the disturbance perim-
eter, leading to a mixture of disturbance severities at
the patch scale. That is, even if disturbance severity
is high (i.e., removal of large parts of the canopy),
edges and residual live trees will be detected by
GEDI, leading to a mixed disturbance severity signal.
In addition, GEDI does not differentiate between live
and dead trees, so standing dead wood after distur-
bance will contribute to the detected forest structure.
Nonetheless, both residual live and dead trees can
help maintain forest ecosystem services after distur-
bance, such as providing protection from avalanches
(Wohlgemuth et al. 2017; Teich et al. 2019; Stritih
et al. 2021).

In forests that do shift to the alternate state of
open-canopy forest after a disturbance, this transition
is mostly temporary. The recovery of mountain forests
is slow during the first years post disturbance (Fig. 6).
This corresponds to field surveys in protective forests
after bark beetle outbreaks (Caduff et al. 2022) and
windthrows (Baggio et al. 2022), which have shown
that forests’ capacity to provide protection against
avalanches is at a low point 10-15 years after a dis-
turbance, when dead wood decays and regeneration
is still limited. However, within 35 years, the large
majority of disturbed forests have recovered most of
their canopy cover relative to undisturbed conditions,
and have transitioned back to a closed-canopy state.
The recovery times observed here are slower than the
recovery times of ca. 20 years estimated from optical
satellite data across diverse forest systems in Europe
(Senf and Seidl 2022; White et al. 2022), yet they are
in line with other lidar-based observations of struc-
tural recovery of central European forests (Senf et al.
2019). While lidar is sensitive to changes in vertical
structure, optical satellites mainly capture changes in
horizontal canopy closure (Bolton et al. 2017). Inte-
grating both long-term optical remote sensing infor-
mation and recent large-scale active sensors such
as GEDI can therefore help to better quantify for-
est structural dynamics across large spatial and long
temporal extents. Nonetheless, even when consider-
ing vertical structure, observed recovery times are
still considerably shorter than disturbance intervals
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of >200 years observed for most parts of the Euro-
pean Alps (Senf and Seidl 2022).

The only exceptions to the pattern of fast post-
disturbance recovery are submediterranean forests,
which show a much higher propensity for remain-
ing in an open-canopy state after disturbance, and
recover considerably slower than other forest types.
These forests occur at warm and dry sites, especially
in the south-western Alps, and the potential natural
vegetation consists of thermophilous species such as
downy oak (Bohn et al. 2004). They have a distinctly
different disturbance regime (i.e., dominated by wild-
fire and drought) compared to the other forest types
of the Alps (i.e., dominated by wind, avalanches and
bark beetles) (Bebi et al. 2017), which may contribute
to a higher disturbance severity and slower recovery
in these forests. After the canopy is opened by dis-
turbance, microclimate is altered, creating a positive
feedback and resulting in strong drought limitation on
tree regeneration (Harvey et al. 2016). Disturbances
are thus most likely to result in permanent shifts to
open-canopy forests in these forest types. This has
important implications for the future of protective for-
ests in the Alps, as downy oak is expected to become
more dominant in the Alps with climate warming
(Rigling et al. 2013; Vacchiano and Motta 2015).
Given the reduced capacity of these forests to provide
protection from natural hazards (Moos et al. 2021),
and their slower recovery after disturbance, the pro-
tective capacity of mountain forests at the dry and
warm edge could be jeopardized in the future. This
will mean increased risks to infrastructure and people
living in these areas (Teich and Bebi 2009).

The moderate predictive power of the drivers
investigated in our analysis (AUC=0.75) indicates
that other factors, such as land-use legacies and
undetected or older disturbances, play an impor-
tant role in determining forest structure in the Alps.
Since the Neolithic, the Alps were extensively used
for agriculture, with many forests cleared for mead-
ows and pastures (Bebi et al. 2017; Conedera et al.
2017). Furthermore, grazing in subalpine forests
created forest pastures with sparse tree cover (Gar-
barino et al. 2009). Although grazing in forests
declined during the twentieth century (Bebi et al.
2017), the legacies of such land use still influence
forest structure today (Garbarino et al. 2013). Open-
canopy forests can also be a result of small-scale
disturbances, which might not be detected in the

satellite-based disturbance map used here (Senf and
Seidl 2021). In addition, disturbances that occurred
before 1986 might still affect current forest struc-
ture, but could not be considered in our study.
However, given that three out of four forest types
(representing 78% of the forest area of the Alps)
recovered to pre-disturbance canopy cover within
35 years (Fig. 6), we expect that older disturbances
have a limited effect on our finding of alternative
structural states of forest structure in the Alps.
Mountainous areas are particularly challenging
for spaceborne lidar, as ground returns from steep
slopes or terrain features such as boulders are diffi-
cult to distinguish from vegetation returns (Schnei-
der et al. 2020). Although the small footprint size of
GEDI was designed to limit slope effects (Duncan-
son et al. 2022), we still observe higher estimates
of tree height and canopy cover on steeper slopes,
an effect that we at least partly attribute to the posi-
tive slope bias in GEDI data (Liu et al. 2021; Lang
et al. 2022). Because of a possible overestimation of
height and cover, using absolute height thresholds
to evaluate recovery after disturbance or calculating
recovery rates (e.g. in meters of height per year) can
be problematic (Milenkovi¢ et al. 2022). In addi-
tion, due to the high correlation between structural
metrics measured with GEDI (see Supporting infor-
mation, Fig. S13) it is difficult to differentiate open
forests from low but dense shrub forests within the
open-canopy cluster identified here. These limita-
tions highlight the need for caution when interpret-
ing observations from spaceborne lidar data in an
ecological context. Nonetheless, the large amount
of data points available from GEDI means that in
spite of these inaccuracies, robust signals related to
ecosystem dynamics can be obtained. More broadly,
an important limitation of the data analyzed is that
it does not allow any inferences regarding changes
in species composition. Future work should thus
investigate whether the alternative states identi-
fied here are related to the occurrence of particu-
lar species, and whether post-disturbance recovery
leads to self-replacement of prevailing tree species
or to reassembly (Seidl and Turner 2022). Finally,
our analyses across large spatial scales remain nec-
essarily descriptive. Future work should focus on
identifying the mechanisms that result in the emer-
gence of alternative structural states, e.g. by experi-
mentally altering important drivers that induce
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stabilizing feedbacks (Kueppers et al. 2017; Hage-
dorn et al. 2019).

Conclusions

We found evidence for two alternative states of for-
est structure (i.e., tall, closed-canopy and short, open-
canopy) in mountain forests of the European Alps.
The occurrence of both states is largely determined
by topography and landscape configuration, and sta-
bilizing feedbacks exist that maintain these states also
in the absence of disturbance. The large majority of
forests are in the closed-canopy state, while open-
canopy forests occur particularly at high elevations,
near forest edges, and at warm sites. Disturbance and
recovery are major agents of transition between the
two structural states. Disturbance causes a transition
from the closed-canopy to the open-canopy attrac-
tor in approximately 50% of the cases. In most cases,
this disturbance-induced shift is temporary: Within
35 years, the majority of forests recover to a struc-
ture similar to undisturbed forests, shifting back to
the closed-canopy attractor. However, we observed
higher disturbance severities and reduced recovery in
submediterranean forest types, which could indicate a
more permanent shift of these forests to open-canopy
conditions after disturbance. Such transitions may
pose an important challenge for mountain forest man-
agement in the future, as submediterranean forests are
likely to become more prevalent in the Alps under cli-
mate warming, and as open-canopy forests have lower
capacities for providing important ecosystem services
such as protection against natural hazards.
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