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Abstract

Mountain forests are, compared to forests in the lowland, more exposed to changing climate
and increasing disturbances. At the same time, reliable data quantifying the ongoing changes
in mountain forests and their consequences for human well-being are missing. These data,
however, are necessary to develop appropriate forest management strategies for the future.
Covering a broad range of environmental conditions and methods, this thesis provides
answers to the following three questions: How have human and natural disturbances changed
in the mountain forests of Austria over the last thirty years (1986-2016)? What are the
consequences of changing forest disturbance regimes for the protective function of mountain
forests in Austria? What can forest managers do to buffer the impacts of changing climate and
disturbance regimes? In the first chapter | developed methods to map human and natural
disturbances from Landsat satellite data and subsequently quantify changes in Austria’s
disturbance regimes over the last thirty years. | found that human and natural disturbances
can be separated on the basis of the spatial and temporal patterns they create on the
landscape (i.e., their spatial and temporal autocorrelation). Further, | estimated that increases
in Austria’s disturbance rates from 1986 to 2016 were primarily driven by natural causes with
wind disturbances increasing by 408% and bark beetle disturbances increasing by 99%. In the
second chapter, | assessed the consequences of changing disturbance regimes on the
protective function of mountain forests against torrential hazards (i.e., debris flow and flood). |
showed that torrential hazard risk decreases with increasing forest cover on the landscape and
presented evidence that the disturbance regime of a watershed strongly influences the
probability of torrential hazards. Specifically, frequent and large disturbances are strongly
detrimental for the protective function of mountain forests. In the third chapter, | employed
simulation modelling to test the effects of increasing tree species diversity at different spatial
scales (tree = alpha diversity, stand = beta diversity, landscape = gamma diversity) on
disturbance impacts under various climate scenarios. | showed that increasing tree species
diversity generally reduces disturbance impacts, in particular in conifer-dominated mountain
landscapes. Further, | showed that mixing tree species between stands (i.e., increasing beta
diversity) is at least as effective as mixing tree species within forest stands (i.e., increasing
alpha diversity). This thesis contributes to the development of forest management strategies
that foster the integrity of mountain forest ecosystems and their ability to provide ecosystem

services to humans in times of rapid environmental change.



Zusammenfassung

Gebirgswalder sind, verglichen mit Waldern des Flachlandes, starker vom Klimawandel
betroffen, trotzdem fehlen zuverlassige Daten die die aktuellen Veranderungen quantifizieren
und deren Konsequenzen abschatzen. Eine solide Datengrundlage ist aber unerlasslich um
Strategien zu entwickeln die dabei helfen, dass Gebirgswalder ihre vielfaltigen
Okosystemleistungen auch in Zukunft erbringen kénnen. Basierend auf einer gro3en Vielfalt
naturraumlicher Gegebenheiten und Methoden liefert diese Arbeit Antworten auf die folgenden
drei Fragen: Wie haben sich menschliche und natirliche Stérungen in den dsterreichischen
Gebirgswaldern uber die letzten dreiig Jahre (1986-2016) veréndert? Was sind die
Konsequenzen veranderter Stérungsregime fur die Schutzfunktion der dsterreichischen
Gebirgswalder? Wie kann die forstliche Bewirtschaftung reagieren um die Auswirkungen von
Klimawandel und sich &ndernden Stérungsregimen abzufedern? Im ersten Kapitel entwickelte
ich Methoden, die es erlauben menschliche (Holznutzung) und natirliche (Windwurf oder
Borkenkéferbefall) Storungen aus Landsat Satellitendaten zu kartieren und so die Entwicklung
von Stérungen in Osterreich (ber die letzten dreiRig Jahre zu quantifizieren. Ich fand heraus,
dass sich menschliche und natirliche Stérungen anhand der rdumlichen und zeitlichen Muster
die sie auf Landschaftsebene erzeugen (i.e., rdumliche und zeitliche Autokorrelation)
unterscheiden lassen. Darlber hinaus konnte ich zeigen, dass die Zunahme der Stérungsraten
in Osterreich liber die letzten dreiRig Jahre hauptsachlich von natiirlichen Stérungen getrieben
war. Stérungen durch Wind haben in Osterreich von 1986 bis 2016 um 408% zugenommen,
Stérungen durch Borkenkafer um 99%. Im zweiten Kapitel habe ich den Einfluss der
Waldausstattung und des Stérungsregimes von Wildbacheinzugsgebieten auf die
Wahrscheinlichkeit von Muren und Hochwasser untersucht. Die Daten zeigen, dass die
Wabhrscheinlichkeit eines Wildbachereignisses mit zunehmender Waldbedeckung eines
Einzugsgebietes abnimmt. Gleichzeitig zeigte sich, dass Storungen die Wahrscheinlichkeit
von Wildbachereignissen deutlich erhéhen koénnen. Die hochste Wahrscheinlichkeit von
Wildbachereignissen wurde in Einzugsgebieten festgestellt, die regelmafig von grof3flachigen
Storungen betroffen sind. Im dritten Kapitel testete ich Bewirtschaftungsstrategien um die
Anfalligkeit von Waldern gegentiber Stérungen zu reduzieren und so die Stabilitéat von Wéaldern
zu erhdhen. Ich untersuchte die Storungsanfalligkeit von Baumartenmischungen auf
verschiedenen raumlichen Ebenen (Einzelbaumebene = alpha Diversitat, Bestandsebene =
beta Diversitat, Landschaftsebene = gamma Diversitat) unter zukidnftigen Klima- und
Stérungsszenarien. Es zeigte sich, dass Walder mit zunehmender Baumartendiversitét
grundsatzlich widerstandsfahiger gegeniuber Stérungen werden, insbesondere in
nadelholzdominierten Hochgebirgslandschaften. Dartber hinaus stellte ich fest, dass
Baumartendiversitat auf Bestandesebene (i.e., beta Diversitét) die Stérungsanfalligkeit von

Waldlandschaften mindestens gleichwertig reduziert wie Baumartendiversitat auf
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Einzelbaumebene (i.e., alpha Diversitat). Die vorliegende Arbeit tréagt zur Entwicklung von
zukunftsfahigen Bewirtschaftungsstrategien fir Gebirgswalder bei, um deren Integritat und
Fahigkeit Okosystemleistungen bereitzustellen in Zeiten rapider Umweltveranderungen zu

erhalten.



1 Introduction

Mountain forests are important to human society globally. Forests cover one third of the global
land area (i.e., 3,999 billion hectares, Keenan et al., 2015) of which 23% can be found in
mountainous regions (Kapos et al., 2000). Mountain forests protect humans against natural
hazards (Bebi et al., 2009; Buma and Johnson, 2015; Casteller et al., 2018; Moos et al., 2017),
purify drinking water (Abildtrup et al., 2013; Mapulanga and Naito, 2019), store high amounts
of carbon (Erb et al., 2018; Nabuurs et al., 2008), and provide natural resources such a timber
(Maroschek et al., 2015). Mountain forests are on average older than low elevation forests, are
often in very natural conditions and harbor high levels of biodiversity (Hilmers et al., 2018;
Kulakowski et al., 2017).

Mountain forests are, compared to forests in the lowland, more exposed to climate change and
increasing disturbances. Globally, the rate of temperature change in mountain regions is higher
than in lower elevations (Pepin et al., 2015). In the European Alps mean annual temperature
has increased by 2 °C over the last century, which is twice as much as the rest of the northern
hemisphere (Auer et al., 2007). At the same time the high amount of old and tall trees makes
mountain forest ecosystems less resistant to disturbances such as wind-throw (Bebi et al.,
2017; Kulakowski and Veblen, 2002) and bark beetle infestation (Karvemo et al., 2014) which
can, due to higher temperatures, expand their habitat to higher elevations (Jakoby et al., 2019;
Netherer et al., 2001). While being at high risk of disturbance, the resilience (i.e., the ability of
a system to return to its initial state after a perturbation, Nikinmaa et al., 2020) of mountain
forests is often limited: Short vegetation periods and harsh environmental conditions in
combination with a limited tree species pool can result in very long recovery trajectories (Senf
et al.,, 2019). Under very intense perturbation, these circumstances can cause irreversible
changes in the structure and species composition of mountain forests over the upcoming
decades (Albrich et al., 2020).

Various studies indicate that forest disturbance regimes in Europe are changing. Early signals
of increasing disturbances in Europe were found in 2003 (Schelhaas et al., 2003). More recent
remote sensing studies quantified a doubling of disturbance rates for Central Europe from 1986
to 2016 (Senf et al., 2018a) and lately, highest disturbance rates of the past thirty years were
attributed to the year 2018 (Senf et al., 2021). While there is clear evidence for changing
disturbance regimes in Europe, identifying the drivers behind the observed changes remains
challenging. Ecologically defined, disturbances are relatively discrete events in time that
disrupt the structure of an ecosystem, community or population and change resource
availability (Pickett and White, 1985). As such, forest disturbances include natural processes

(e.g., wind-throw and bark beetle outbreaks) as well as human resource use (i.e., timber



harvest). Attributing the observed changes in disturbance activity to either human or natural
agents is challenging, as remote sensing methods for separating human and natural
disturbances in close spatial and temporal interaction (as it is often the case in Central Europe)
are missing. Yet, for forest managers it makes a great difference whether the observed
changes are a result of elevated human resource use (and thus a result of active decision
making) or a result of increasing natural disturbances (which happen unplanned). In the
context of changing disturbance regimes, separating individual agents of disturbance in remote
sensing data is the missing link between basic ecological research and applied questions of
forest management in Central Europe. Therefore, the first chapter of this dissertation develops
methods for separating human and natural disturbances based on Landsat data and
investigates to what extend the observed changes in disturbance activity are a result of
elevated timber harvest or increasing natural disturbances (i.e., wind-throw and bark beetle

outbreaks).

Changing disturbance regimes might impact ecosystem service provisioning, especially the
protective function of mountain forests. There is general agreement that forest disturbances
can affect the provision of ecosystem services to human societies negatively (e.g, Hlasny et
al., 2021; Thom and Seidl, 2016). In mountainous regions, one of the most important
ecosystem services is the protection of humans and their infrastructure (houses, roads,
railways etc.) against natural hazards (Bradshaw et al., 2007; Brang et al., 2006; Dorren et al.,
2004; Moos et al., 2018). Intact forests on steep slopes hold back rockfall (Moos et al., 2017)
and avalanches (Feistl et al., 2014; Zurbriggen et al., 2014). Their root systems reinforce the
soil and thus increase slope stability (Moos et al., 2016; Scheidl et al., 2020). Disturbances,
however, reduce forest cover and — in theory — consequently reduce the protective function of
forests in mountain areas. For torrential hazards (i.e., floods and debris flow in steep headwater
catchments) the data supporting this relationship is , however, poor. The currently available
evidence on the effects of forest cover and disturbance on torrential hazard probability largely
stems from local case studies (Brardinoni et al., 2003; Imaizumi et al., 2008; Nyman et al.,
2015) and consistent large-scale investigations are missing. To guide forest policy and
management decisions, however, generalizable results over extended spatial and temporal
scales are necessary. In the second chapter of this dissertation | thus collect data on
disturbances and torrential hazards for 10,885 watersheds in Austria. These data allow to
investigate how the forest cover of a watershed influences the occurrence of torrential hazards
and which disturbance regimes are most detrimental for the protective function of mountain

forest in the European Alps.

As disturbances are changing and these changes might impact human well-being, forest
managers need appropriate strategies and management approaches for the future. Buffering

the already observed and still expected changes in climate and disturbance regimes to
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safeguard ecosystem service provisioning is the responsibility of forest ecosystem managers
(Seidl, 2014; Seidl et al., 2016b). In the face of great uncertainty regarding future environmental
conditions and societal demands, it has been shown that increasing diversity, both regarding
forest structure and tree species, is a potent management goal to ensure ecosystem service
provisioning of forests (Messier et al., 2015; Silva Pedro et al., 2016; van der Plas et al., 2018).
Yet, the implementation of such concepts in operational forest management raised unresolved
issues. In particular the question which spatial grain of mixture is most beneficial for robust
and stable forests under changing environmental conditions could not be answered yet. Tree
species can be mixed on the tree level (alpha diversity), on the stand level (beta diversity) and
on the landscape level (gamma diversity) but disentangling the effects of the spatial grain of
mixture is difficult. This is because a systematic and consistent investigation calls for extended
observation periods (50 — 100 years) and experimental sites with large spatial extent (stand to
landscape scale). Therefore, traditional ecological research approaches such as field
experiments are impossible due to resource limitations. In the third chapter of this dissertation,
| employ two computer simulation models to investigate the effects of tree species diversity
under a variety of climate and disturbance regimes. In particular | investigate relationships
between tree species diversity, spatial configuration and disturbance impact on the landscape

scale.
In summary, the three main research questions of this dissertation are:

I.  How have human and natural disturbances changed in the forests of Austria over the
last thirty years (1986-2016)7?
II.  What are the consequences of changing forest disturbance regimes for the protective
function of mountain forests in Austria?
lll.  Can tree species diversity buffer the impacts of changing climate and disturbance
regimes? Specifically, what are the effects of tree species diversity at different spatial

scales (tree = alpha, stand = beta, landscape = gamma) on disturbance impacts?



2 Material and Methods

This dissertation consists of three papers that are thematically connected and follow a logical
flow. The three papers are presented in logical not chronological order since the order of
publication is different to the logical order. Paper | (published 2021, Appendix A) is a remote
sensing study that lays the empirical groundwork necessary to answer the applied questions
of Paper Il and Paper lll. Paper Il (published 2019, Appendix B) combines remote sensing
methods with statistical modelling to answer questions related to the protective function of
forests in mountainous regions. Paper Il (published 2021, Appendix C) is methodological
different as the results are based on process-based forest simulation modelling, allowing to

investigate potential future trajectories of mountain forests.

2.1 Study Area

All research related to this dissertation was conducted in the European Alps. The European
Alps are an east-west running mountain range located in Central Europe. The highest peak
(Mount Blanc) is 4,810 m in elevation and the tree line is usually located between 1,800 to
2,300 m (Gehrig-Fasel et al., 2007). The Alps are globally one of the most densely populated
mountain ranges, with 14 million permanent residents distributed over 8 countries (Perlik et
al., 2001). Almost one third (29%) of the European Alps lie in Austria (Statista.com, 2021), the
country where the majority of the research related to this dissertation was conducted. For
Central Europe (i.e., Austria, Germany, Poland, Czechia, Slovenia, Slovakia, Hungary) Austria
is a very representative study area. According to the forest type classification of the European
Environmental Agency six out of the ten Central European forest types occur in Austria (EEA,
2006) and especially the two most frequent (Hemiboreal forest and nemoral coniferous and
mixed broadleaved-coniferous forest and Alpine coniferous forest) account for 89 % of
Austria’s forest area. Further, the disturbance regime of Austria in terms of patch size and
frequency is comparable with other Central European countries (Senf and Seidl, 2021a).
Similar to other Central European countries the majority of the forest area (63%) is managed
for timber production (BMLRT, 2021) and considerable parts of the forest area are under
private ownership (UNECE/FAO, 2009). This makes Austria an ideal study area for
investigating forest related questions relevant for Central Europe. Paper | and Paper Il
investigate the entire forest area of Austria (~4.0 million hectares) whereas Paper 11l simulates
forest development in two landscapes (both ~1,000 hectares in size), one located in Eastern

Austria and one located in Switzerland.
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2.2 How have human and natural disturbances changed in the forests of Austria over
the last thirty years (1986-2016)?

In the first chapter of this dissertation | investigated if and how forest disturbances have
changed in Austria over the last thirty years. | attributed patches of an existing forest
disturbance map to the three most important disturbance agents in Austria: timber harvest,
wind-throw and bark beetle infestation. Subsequently, | analyzed the spatial and temporal
patterns of the three disturbance agents and investigated their development in space and time
from 1986 to 2016. | gathered reference data conducting structured interviews with forest
managers and fieldwork. Further | developed a new metric describing the landscape context
of a disturbance patch. | here briefly introduce the main methodological cornerstones of this
study, details can be found in the Appendix A.

2.2.1 Forest disturbance map

| used an existing European forest disturbance map (Senf and Seidl, 2021a). The map is based
on data of the Landsat satellite family. Landsat satellites are moderate resolution earth
observation satellites that fly in an altitude of 705 km over the earth’s surface (NASA, 2021).
Landsat satellites take images with a size of 185 x 170 km and circle the earth every 16 days.
The first Landsat satellite reached its orbit in 1972 and was equipped the Multispectral Scanner
(MSS) sensor. This sensor provided data with a spatial resolution of 90x90 m. Since 1983,
with the start of Landsat 4, Landsat satellites have sensors that provide images with a spatial
resolution of 30x30 m. Landsat 4 and 5 used the Thematic Mapper (TM) as sensor which
served in an improved version as Enhanced Thematic Mapper Plus (ETM+) also on Landsat
7. Landsat 8 uses the Operational Earth Imager (OEI) as sensor which provides data also in a
spatial resolution of 30x30 m. Unfortunately, there is almost no data for the year 1983 available
and disturbances in the first and last two years of a time series are very difficult to detect, thus

the disturbance analysis of this dissertation cover the years 1986 to 2016.

The technical details on how forest disturbances can be mapped from Landsat data are
extensively described in the corresponding literature (Cohen et al., 2010; Kennedy et al., 2018,
2010; Senf and Seidl, 2021a), however | want to briefly illustrate the basic idea behind this
method. The sensors of the Landsat satellites scan the earth’s surface and take images with
a spatial resolution of 30x30 m. These images are measurements of the earth surface
reflectance in seven spectral bands covering, for the human eye, visible and not visible
wavelengths of the electromagnetic spectrum. Bands 1-3 measure the visible surface
reflectance,(band 1 = blue, band 2 = green, band 3 = red), bands 4-7 measure the non-visible
surface reflectance (band 4 = near infrared, band 5 = short-wave infrared, band 6 = thermal
infrared, band 7 = short-wave infrared) (Boettinger et al., 2008). These data is openly available

in the United States Geological Survey archive (Wulder et al., 2012). Specifically, for every
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30x30 m pixel of the earth’s surface there is data on the spectral reflectance (imagine as color
value) from 1986-2016. In addition to the raw values, spectral indices can be calculated (i.e.,
quotients or products between values of different spectral bands). For the disturbance maps
used in this dissertation, data of two spectral bands (shortwave infrared | and Il) and two
spectral indices (tasseled cap wetness and normalized burn ratio) were used. These data were
filtered to the vegetation period (1™ June to 30" September of every year) to exclude
phenological changes in the spectral reflectance. Subsequently, it is possible to compare the
spectral reflectance (or the spectral index) of a given pixel over multiple years and asses
whether the reflectance has changed (for example because of disturbance). This can be done
manually (see Cohen et al., 2010 for the method and Senf et al., 2021, 2018b for an
appllication) or via a time series segmentation algorithm called LandTrendr (Kennedy et al.,
2010). If the vegetation did not change, the spectral reflectance stays stable over the years.
However, disturbances result in breaks or jumps of the spectral signal from one year to the
other. Thus, the algorithm searches for these breaks and jumps in the spectral time series of
a pixel. Subsequently, it splits the spectral time series of a pixel into linear segments of stable,
decreasing or increasing surface reflectance. After this step a random forest classification
algorithm is employed that classifies (based on the spectral reflectance and its change over
time) each pixel into non-forest, disturbed forest and undisturbed forest. The segment with the
greatest change (i.e., the disturbance event) is used to calculate the disturbance year and the
particular pixel is marked with the disturbance year. After grouping pixels of the same
disturbance year into disturbance patches, the result is a yearly map of all forest disturbances

in the study area and over the time period of interest (see figure 1).

12



005 i 1567)

Figure 1: Example for a yearly forest disturbance map based on 30x30 m Landsat data and over multiple years.
The map shows all forest canopy disturbances in a given region and for a given time period.

2.2.2 Structured interviews and field work

One of the biggest obstacles in the way of agent-based forest disturbance maps for Central
Europe was missing reference data. To train an algorithm that is able to separate disturbance
patches caused by humans from those that were caused by natural agents (i.e., wind, bark
beetle), it is necessary to gather a reference data set with disturbance patches were the agent
that caused the patch is known (Oeser et al., 2017; Schleeweis et al., 2020; Schroeder et al.,
2011). However, gathering such a reference data set in Central Europe is difficult, because of
obligatory salvage logging (every patch looks like a clear-cut in the end, Leverkus et al., 2018;
Thorn et al, 2017), missing historical high-resolution imaginary (limiting office-based
approaches, Copass et al., 2018) and on average very small disturbance patches (generally
complicating agent attribution (Senf et al., 2017a)). For this dissertation | thus made use of the
intensive management of Central European forests and gathered reference data with the help
of forest managers. | combined methods of qualitative GIS (Cope and Elwood, 2009),
participatory mapping (Cadag and Gaillard, 2012; Chambers, 2006) and citizen science
(Bonney et al., 2009; Dickinson et al., 2010) to utilized the knowledge of forest managers. |
visited nine forest enterprises across Austria and conducted structured interviews with 21
foresters. During the interviews, the forest manager and | went through the disturbance map
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and recorded the causal agent (i.e., harvest, wind-throw or bark beetle) of disturbance patches
within the management district (1,000 — 5,000 ha in size) of the particular forest manager.
Additional to the structured interviews | conducted field work in two Austrian national parks to
extend the gradient of the reference data to unmanaged forests. There, | determined the causal
agent of disturbance patches directly in the field analyzing the disturbance legacies of a patch
(wind = root plates, uprooted trees, broken trees; bark beetle = standing deadwood, red
crowns). With these two approaches | gathered reference data on 2,620 disturbance patches

during one year.
2.2.3 Landscape metric

Human and natural disturbance agents in Central Europe interact strongly in very close spatial
and temporal context, thus the forest ecosystems are coupled human natural systems (Liu et
al., 2007; Senf et al., 2017a). Therefore, it was necessary to develop a new approach for
separating human and natural disturbances based on Landsat data. | developed a metric that
describes the spatial and temporal landscape context of any given disturbance patch.
Specifically, | calculated the cumulative forest area in a given radius that was disturbed in the
same year as the focal patch. In simple words, this metric describes whether a given
disturbance patch is surrounded by many other patches of the same year or if the patch is
surrounded by intact forest and/or disturbance patches from other years. The idea behind this
approach is that natural disturbances usually happen as pulses of mortality (Senf and Seidl,
2018) while human disturbances create constant disturbance rates over time (White et al.,

2017) and is based on the press-pulse dichotomy (Bender et al., 1984).

2.3 What are the consequences of changing forest disturbance regimes for the
protective function of mountain forests in Austria?

In the second chapter of this dissertation | investigated the consequences of changing
disturbances for the ecosystem service supply of mountain forests. In particular, | studied the
effects of forest cover on the protective function of forests against torrential hazards (flood and
debris flow). Further, | investigated how different forest disturbance regimes influence the
probability of torrential hazards. The methods of chapter Il are briefly explained in the following,
details can be found in Appendix B.

2.3.1 Natural hazard database

The most important data for this study was the Austrian torrential event catalogue (Heiser et
al., 2019; Hubl et al., 2008). This catalogue contains data on torrential hazard events that have
happened for 10,885 watersheds distributed over Austria. From 1986 to 2018 3,768 torrential

hazards events (2,646 floods and 1,112 debris flows) were recorded. Besides the event data,
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the catalogue contains a shapefile of all watersheds in Austria. With this shapefile, a newly
developed landcover map (Pflugmacher et al., 2019), a disturbance map (the prototype of the
disturbance map described in section 2.2.1) and a digital elevation model | was able to
characterize the forest cover and disturbance regime of every watershed, as well as its
geographical and geomorphological characteristics. This allowed me to investigate the effects
of forest cover and disturbance while controlling for other factors potentially influencing the

occurrence of torrential hazards.
2.3.2 Disturbance regime characterization

To characterize the forest cover and disturbance regime | used a similar forest disturbance
map as for the first chapter (see 2.2.1) but in an earlier version and created with slightly
different methodology (for details see Appendix Il). Since | was not able to distinguish between
different disturbance agents at this point of my dissertation | characterized the disturbance
regime of every watershed based on disturbance extent and disturbance type. The idea
inspired the development of the landscape context indicator explained in the first chapter (see
2.2.3) and the approach is comparable. Disturbance extent is the cumulative forest area that
was disturbed over the observation period (1986-2016). Disturbance type ranges from press
to pulse (Bender et al., 1984) and is expressed as the Gini-Index of the annual disturbed forest
area per watershed. A Gini-Index of zero (maximum equality) indicates a press disturbance
regime with nearly constant disturbance rates over the years. A Gini-Index of 1 (maximum
inequality) indicates a pulse disturbance regime with strongly varying disturbance rates over
the years. The combination of disturbance extent and disturbance type allowed to characterize

the disturbance regime of a watershed without knowing the agents at play (figure 2).
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LARGE

Singular, large disturbance e.g. windthrow Frequent large disturbances e.g. multiple clearcuts
Canopy
disturbance
extent
SMALL Singular small disturbance e.g. patchy bark beetle mortality Frequent small disturbances e.g. gap or slit cuts

PULSE ——  — Canopy disturbance type PRESS —

Figure 2: Conceptual figure how the disturbance regime of a watershed can be characterized based on the two
indicators disturbance type and disturbance extent (Sebald et al., 2019). These metrics allowed to quantify the

disturbance regime of a given watershed without knowing the agents at play.

2.3.3 Bayesian model

The third important methodological aspect that | want to briefly introduce is the statistical model
that allowed to quantify the effects of forest cover and disturbance on the occurrence of
torrential hazards. In essence the model applied is a genialized linear model that estimates the
probability of occurrence (Bernoulli distribution) and the frequency (negative binomial
distribution) of torrential hazard events on the watershed scale depending on a set of forest
and disturbance related predictors, while controlling for general predisposing factors such as
geography and geomorphology. Contrasting to frequentist approaches, however, model
results and the effect of the individual predictors are expressed as posterior distribution and

not as a point estimate.

2.4 Can tree species diversity buffer the impacts of changing climate and disturbance
regimes?

The third chapter of my dissertation contributed to the development of future management
strategies for mountain forests. While the first two chapters worked with retrospective
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approaches the third chapter employed simulation modelling to investigate future trajectories
of mountain forests in Central Europe. In the following | explain the two simulation models

employed, the experimental setup and the analysis of the study.
2.4.1 Simulation models

| simultaneously employed two forest landscape models: iLand (Seidl et al., 2012) and
LandClim (Schumacher et al., 2004). Both models were developed independently from each
other to answer questions related to forest management, disturbances and climate change.
Since all of these processes happen at scales larger than an individual stand (1-100 ha), the
models simulate the dynamics of entire landscapes (1,000 ha — 100,000 ha). Compared to
traditional methods of research in forest ecology (e.g., experiments, field work) simulation
models allow for experimental setups that are impossible to realize with traditional methods
(Seidl, 2017). While conducting field work or setting up controlled experiments is costly and
time consuming, simulation models can — once parametrized and set up — efficiently implement
replicated large-scale experiments over long time periods under fully controlled conditions. The
models simulate the dynamics of existing landscapes by representing the topography, soil
conditions and climate of a given landscape. The model is correctly parametrized once the
existing forest structure and known ecological patterns can be reproduced. Examples for such
patterns can be the potential natural vegetation of a landscape, the growth dynamics of trees
or the change of tree species dominance along an elevational gradient (Honkaniemi et al.,
2020; Thom et al., 2017b). Realistic ecological patterns indicate that interactions between
topography, soil, climate and vegetation are well represented in the model (Grimm et al., 2005).
Once the existing landscapes are set up, modifying parts of the system (e.g., climate,
disturbances, forest management) while keeping the other parts constant (e.g., soil,
topography, vegetation) allows to gain insights into emergent patterns and future trajectories

of forest landscapes.
2.4.2 Experimental setup

| set up the experiment in two landscapes, strongly contrasting in their environmental
conditions. The Rosalia landscape is a mid-elevation (374-728 m asl), broadleaved dominated
landscape, whereas the Dischma landscape is a high elevation (1,545 - 2,738 m asl) conifer
dominated landscape. The idea behind the experimental setup of the third chapter of this
dissertation was to systematically investigate the effects of different levels of tree species
diversity and configuration on disturbance impacts and temporal stability at the landscape
scale. Specifically, | aimed at quantifying the effects of alpha, beta and gamma diversity
independently from each other. | therefore divided the two landscapes in standardized 100 x

100 m stands and initialized four different levels of tree species diversity (gamma): no diversity
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(1 species), low diversity (2-4 species), high diversity (5-8 species) and high+ diversity (9-10
species). For the alpha-diversity setup | mixed tree species within forest stands (i.e., at the
level of individual trees), and for the beta scenario | created single species stands and mixed
species between stands on the landscape scale. Subsequently, | exposed the landscapes to
a sequence of standardized wind disturbance events over a 200-year simulation period. The
whole experiment was replicated under three different climate scenarios (historic climate,
representative concentration pathway (RCP) 4.5, RCP 8.5) to find out if effects vary with the

intensity of climate change.
2.4.3 Analyses

I quantified disturbance impacts and temporal stability at the landscape scale. | calculated
indicators of forest biomass (t ha') and forest structure (number of trees > 30 cm dbh ha?)
over the entire landscape and every ten years of the simulation period (i.e., 20 time steps
during a 200-year simulation period). To determine disturbance impacts for individual
scenarios | compared landscape values for biomass and forest structure to a simulation run
without any disturbances. The difference between the no-disturbance-simulation and the with-
disturbance simulation is the disturbance impact. To assess temporal stability of forest
biomass stocks and forest structure | calculated the variation (coefficient of variation) of forest

structure and forest biomass over the 200-year simulation period.
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3 Results

3.1 How have human and natural disturbances changed in the mountain forests of
Austria 1986-20167

| separated disturbances from timber harvest, wind-throw and bark beetle infestation in Austria
with an overall accuracy of 63%. Disturbance patches caused by regular timber harvest (i.e.,
salvage logging not included) were most accurately attributed (producer's accuracy (PA) =
84.6%, user's accuracy (UA) = 67.7%), followed by wind disturbances (PA = 54.8%, UA =
63.0%). Bark beetle patches were most difficult to attribute (PA = 15.0%, UA = 30.6%) and
were most often confused with disturbances caused by timber harvest. The newly developed
landscape context indicator was key for an improved attribution of causal agents of disturbance
as it improved prediction results by up to 26 percentage points. | found that natural disturbance
caused by wind and bark beetles have strongly increased in Austria over the last thirty years.
The disturbed area caused by wind disturbances increased by 408% and the area caused by
bark beetle disturbances by 99% from the 20" (1986-2000) to the 21" (2001-2016) century.
However, also disturbances caused by humans increased, yet the increase was not as strong
as for natural disturbances (+43%). While the size of individual disturbance patches increased
only moderately (wind = +8%, bark beetle = +14%, harvest = +13%), the frequency of
disturbance events was the driving force behind the observed increase (wind = +355%, bark
beetle = +77%, harvest = +26%).

3.2 What are the consequences of changing forest disturbance regimes for the
protective function of mountain forests in Austria?
| modelled the probability of debris flows and flood events depending on 13 watershed
attributes. Forest cover was found to be the most important watershed property that reduces
the probability of torrential hazards. Specifically, increasing forest cover by 25% points above-
average (i.e., from 63% to 88%) reduced the probability of a torrential hazard event by 8.7%.
While intact forest cover strongly reduced the probability of torrential hazards, disturbances
can decrease the protective function of forests. The probability of flood events was strongly
determined by the frequency of disturbances in a watershed, but their extent did not play an
important role. Hazard probability increased by 83% when moving from a pulse to a press
disturbance regime. The probability of debris flow events was depended on both, disturbance
frequency and disturbance size, with regularly occurring large disturbances being most
detrimental for debris flow events. Given a press disturbance regime, the probability of a debris
flow increased by 248% when moving from 10% (i.e., a disturbance rate of 0.32% year ) to

50% (i.e., a disturbance rate of 1.61% year ) of the watershed disturbed.
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3.3 Can tree species diversity buffer the impacts of changing climate and disturbance
regimes?
| simulated forest dynamics in two contrasting forest landscapes of Central Europe under
different climate and disturbance regimes. Specifically, | investigated the effects of varying tree
species diversity on disturbance impacts and temporal stability of forest structure and biomass
stocks. | found that climate change will strongly increase the pool of potential species (gamma
diversity), especially in the alpine landscape (Dischma). Further, | found a general pattern of
increasing tree species diversity (gamma diversity) reducing the impacts of wind disturbances
on the landscape scale. However, the susceptibility of a landscape to wind disturbances was
primary driven by the susceptibility of the tree species in place (species identity effect) and
only to a lesser degree by the level of diversity itself. In simple words: adding a species that is
susceptible to windthrow to a landscape that consists of less susceptible tree species will
increase disturbance impacts even though tree species diversity increases. Lastly, | did not
find a clear difference in disturbance impacts and temporal stability for within-stand mixtures
(alpha diversity) and between stand mixtures (beta diversity). Based on the results of this
chapter climate change will increase tree species diversity in alpine landscapes. Increasing
diversity will reduce disturbance impacts only if the additional tree species are more resistant
to wind disturbances than the species already at place, independent from their spatial

configuration.
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4 Discussion

4.1 Changing climate and disturbance regimes: a societal and not an ecological
problem
Forests exist on the earth’s surface since 400 million years (Wallace et al., 2017). Since their
existence, forest ecosystems have experienced decline and recovery through periods of rapid
environmental change (Petit et al., 2008). In Central Europe, the last big wave of forest
extinction was marked by the Wirm glaciation that lasted from 120,000 years before today to
11,700 years before today (Becker et al., 2017). During this time the Alps and
Fennoscandinavia were glaciated and, except from small microrefugia, even in the lowlands
no forest existed (Willis and Van Andel, 2004). Over the last 11,700 years, trees have
recolonized Central Europe from their refugia in Southern and Eastern Europe. During the
recolonization of Central Europe the tree species composition changed drastically several
times because of climatic changes (Cheddadi et al., 2006). Forests are thus obviously able to
adapt to environmental change. Trees as individuals, however, are immobile and consequently
their ability to avoid environmental change through migration is limited. Forests as ecosystems
adapt to environmental change through disturbance and recovery (Thom et al., 2017h). After
a period of very stable environmental conditions in Central Europe, global mean annual
temperature has increased by ~1°C over the last century (Hansen et al., 2019, 2006). In the
European Alps increases were twice as high (+2°C) as the global average (Auer et al., 2007)
These changes constitute a fundamental habitat alteration during the life span of a tree,
causing physiological stress and reducing vitality. Disturbances reset forest dynamics and the
next generation of trees can, from the first day, adapt to the new environmental conditions.
From an ecological point of view disturbances are thus elementary to ensure vital forest
ecosystems in the future. From a societal point of view, however, it is uncertain if forests can
fullill the human demands of ecosystem services during this phase of reorganization and
adaptation. Changing climate and disturbances are thus not an ecological but a societal
problem. This dissertation contributes to the development of appropriate management
responses to those upcoming challenges. It built scientific groundwork by developing remote
sensing methods for investigating forest disturbances and disturbance change. Further it
assessed potential consequences of these changes for human well-being. Lastly, it tested
various management practices that might buffer the effects of changing climate and

disturbance regimes.

4.2 Mapping and attributing forest disturbances from Landsat data

Already at the beginning of the 21th century researchers have pointed towards a potential

increase in disturbances due to climate change (Dale et al., 2001) and increases in disturbed
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timber volume for Europe have been reported (Schelhaas et al., 2003). These increases will
likely continue during the 21th century with far reaching consequences on the carbon dynamics
of European forests (Seidl et al., 2014b). However, all of these results were mainly based on
grey literature records. The lack of consistent and reliable data on the continental to global

scale made a rigorous assessment of disturbance rates and trends difficult.

The opening of the Landsat archive to the public in 2008 (Wulder et al., 2012) and
subsequently the development of appropriate methods to analyze this large archive of
consistent, global-scale earth observation data (Cohen et al., 2010; Kennedy et al., 2010) built
the foundation for accurately quantifying forest disturbance regimes from space. Automatic
disturbance detection algorithms were developed and global maps of forest loss followed
(Hansen et al., 2013), yet these global analyses were limited to recent years (2000-2012) and
reliable estimates on disturbance rates for Europe were still missing. Instead of automatically
mapping disturbances, sampling individual Landsat pixels and manually interpreting their
disturbance history advanced the quantification of disturbance rates and trends in the US
(Cohen et al., 2010). Testing these methods in Europe (Sebald, 2018) allowed to quantify
disturbance rates for Central Europe (Senf et al., 2018b) and finally the entire European
continent from 1986 to 2018 (Senf et al., 2021).

All of these studies showed significant increases in disturbance activity for Europe, yet whether
these increases were driven by human or natural causes remained disputed (Ceccherini et al.,
2020; Klein and Hartmann, 2018; Palahi et al., 2021), because of persistent challenges in
separating human and natural causes of disturbance based on moderate resolution satellite
data (Palahi et al., 2021; Senf et al., 2017b). By testing new approaches for gathering reliable
reference data (structured interviews with forest managers, see 2.2.2) and by developing a
new predictor class (landscape context metric, see 2.2.3) this dissertation moved the
attribution of causal agents of forest disturbances based on Landsat data one step forward. In
particular the attribution of human and wind disturbances could be improved (UA = 68% for
harvest and 63 % for wind). The landscape context predictors, developed for the first chapter
of this dissertation, were recently used to map abiotic (i.e., wind and fire) and human
disturbances for the entire European continent from 1986-2016 (Senf and Seidl, 2021b).
Collecting a comprehensive dataset on abiotic disturbances has been approached previously
(Forzieri et al., 2020; San-Miguel-Ayanz et al., 2012; Schelhaas et al., 2003) but results were
never consistent and spatial explicit (Senf and Seidl, 2021b). Thus, the consistent mapping of
wind and fire disturbances in Europe was an important step for forest science (Ammer et al.,
2018; McDowell et al., 2015). The European map of wind and fire disturbances enables
researchers to investigate questions of forest disturbance ecology based on a consistent,

reliable and large-scale (temporal and spatial) data set.
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A remaining challenge is the attribution of biotic disturbances, which still holds great
uncertainties. While biotic disturbances in Europe have, compared to abiotic disturbances,
caused less disturbance impact in the past (Schelhaas et al., 2003) their relevance might
increase in the future as biotic disturbance agents such as bark beetles benefit from increasing
temperatures (Jakoby et al., 2019) and the global trade of goods and services favors the
spread of invasive alien disturbance agents (Seidl et al., 2018b). As such, a target for future
research is the attribution of biotic disturbances based on satellite data. Besides the need for
an improved monitoring of biotic disturbances, improving the understanding of the underlying
mechanisms that cause the increase of natural disturbances in European forests is an
important research objective for the future. Previous work has already found that changing
climate and changing forest structure (i.e., higher shares of old forests, higher shares of
conifers, higher timber stocks, more right skewed age class distribution) are both important
drivers of increasing disturbances in Europe (Seidl et al., 2011). Recently, drought was
identified as important trigger of tree mortality in Europe (Senf et al., 2020). However, none of
these studies could rely on spatially explicit agent-based disturbance data (i.e., agent-based
disturbance maps). In the future agent-based disturbance maps in combination with
increasingly available laser scanning data might help to further understand or even reevaluate

the causal relationships between forest structure, climate and disturbances.

4.3 The importance of alandscape perspective for forest scientists and managers

A central finding of this dissertation is the importance of landscape-scale patterns and
processes for managing forests in the future. A forested landscape is a mosaic of gaps, stands
and watersheds typically between 1,000 and 100,000 hectares in size (Urban et al., 1987).
Approaching research questions from the landscape scale is a common denominator of the
three chapters of this dissertation. In the first chapter, the spatial and temporal autocorrelation
of disturbances on the landscape helped to separate closely interacting human and natural
disturbance agents in Landsat data. In the second chapter, the landscape configuration, in
particular the overall forest cover and the distribution of forest cover within the landscape, and
the disturbance regime of a landscape were linked to the occurrence and frequency of torrential
hazards. And finally, in the third chapter, increasing tree species diversity at the landscape
scale was found to be at least as effective in buffering disturbance impacts as increasing tree

species diversity on the stand scale.

Developing a scientific view that goes beyond the scale of individual or multiple forest stands
has been proposed by previous studies (Seidl et al., 2018a, 2016a; Trivifio et al., 2017) and
the importance of such a perspective was underlined by the results of this dissertation.
However, also from the applied view of a forest manager, the landscape scale is an appropriate

point-of-view as (i) forest enterprises in Central Europe are typically the size of a landscape,
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thus managers actually take decisions on the landscape scale; and (ii) forests are increasingly
affected by drivers that operate at landscape (e.g., disturbances) to global (e.g., climate
change) scales. Therefore, extending the scope from the individual tree or the stand to the

landscape is important for scientists and forest managers in the 21th century.

4.4 Remote sensing and evidence-based forest management

The development of remote sensing methods that allow to quantify disturbance regimes from
Landsat data lead to a series of ecological insights in Europe. For example, Senf et al., (2019)
found that bark beetle disturbances naturally recover within 30 years and Senf and Seidl,
(2018) found disturbances to appear temporally synchronized across Central Europe.
Additional to ecological research, Landsat-based forest disturbance maps became
increasingly important for tackling applied questions of ecosystem management. Landsat-
based disturbance maps were used to monitor illegal logging in protected areas (Kuemmerle
et al., 2009; Shchur et al., 2017) and more recent studies quantified how disturbances shape
wildlife habitats across space and time (Oeser et al., 2017), or how predisposing factors

influence the susceptibility of mountain forests to disturbances (Stritih et al., 2021).

In the case of Austria, a particularly important question of forest management was the influence
of forest cover and disturbance on the probability of torrential hazards. The existing results on
this question largely stemmed from local case studies (Brardinoni et al., 2003; Imaizumi et al.,
2008; Nyman et al., 2015) and large-scale evidence, that is necessary to guide forest policy
and formulate management guidelines, was completely missing. | found that intact mountain
forests are protecting humans against torrential hazards and that large disturbances erode this
protective function, in particular if they occur on a regular basis (Chapter 2). Given the fact that
existing guidelines on protection forest management (Frehner et al., 2005) are formulated
mainly on the basis of expert opinions and only to a small degree on the basis of empirical
data, these results are an important step forward to an evidence-based management of

mountain forests.

Remote sensing products are an important source of information that can quantitatively guide
decision processes in forest management and policy. However, experienced professionals are
necessary to make this data accessible to decision makers on the ground. While remote
sensing and GIS methods are already included in forest related study programs, they should
become a core discipline of next generation forest professionals in the future to further

strengthen evidence-based management decisions in Central European forests.
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4.5 Computer simulation experiments are complementary to retrospective remote
sensing research

While remote sensing offers great opportunities for the quantification of disturbance regimes
and for tackling applied questions, the point-of-view is always retrospective. We are currently
facing a situation were environmental conditions change with increasing pace. It is uncertain if
patterns, processes and relationships observed in the past will still be valid in the future. Here,
computer simulations with process-based forest models offer opportunities to formalize
knowledge of the past, gradually change environmental drivers (i.e., climate and disturbances)
and thus to get insights into future challenges and opportunities of forest management. With
this dissertation | contribute to this process of picturing potential futures and developing
appropriate management responses by investigating a topic that has been debated in forest
ecology and management already a long times ago (Peterson et al., 1998). The question of
diversity — stability relationships in forests has been an important aspect of recent research
(Jactel et al., 2021) and has been tackled with various approaches and methods (Griess et al.,
2012; Jactel et al., 2017; Knoke et al., 2008; Metz et al., 2016).

In the context of simulation modelling, this dissertation went one step beyond previous studies
by simultaneously employing two forest landscape models in two contrasting Central European
forest landscapes. While multi-model comparisons have been conducted to investigate the
effects of different model formulations and assumptions (Petter et al., 2020), applied questions
were previously answered by employing one model in one landscape (e.g. Albrich et al., 2018;
Mina et al., 2017; Schumacher et al., 2006; Thom et al., 2017a). However, the multi-model,
multi-landscape approach of this dissertation revealed additional insights that would have not
been possible with previous approaches. | found that the two models agreed remarkably on
the direction of diversity effects, fostering confidence on the robustness of my results. Further,
effect sizes differed between the two models opening up a range of realistic values that can
be interpreted. While | found clear advantages of such a multi-model approach, this
dissertation also revealed drawbacks of investigating research questions with multiple
simulation models, such as the necessity of harmonized driver data and a simplified simulation
design. In this particular case, the two models have substantially different modules for
simulating natural disturbances. | thus used a simplified implementation of wind disturbances,
ignoring other important natural disturbance agents and dynamic disturbance interactions.
Employing multiple simulation models to answer ecological questions is thus a tradeoff
between increasing confidence in the results due to a lower risk of individual model artefacts
driving the results and decreasing confidence in the results due to an inherently reduced
complexity and level of detail in processes simulated. While employing multiple models brought
advantages and disadvantages, simulating in two contrasting landscapes clearly contributed

to a more differentiated and comprehensive understanding of the relationship between tree
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species diversity and disturbance impacts. Increasing tree species diversity strongly reduced
disturbance impacts in the conifer-dominated mountain landscape, while disturbance impacts
actually increased with increasing diversity in some cases of the broadleaved dominated
lowland landscape. The results of this dissertation thus underline the importance of multi-site

studies for drawing generalizable conclusions.

In the context of applied ecology this dissertation went one step beyond previous research by
not only investigating effects of tree species diversity within forest stands (alpha diversity) but
also between forest stands (beta diversity). The importance of beta diversity for ecosystem
functioning (Mori et al., 2018; Schuler et al., 2017), provisioning of multiple ecosystem services
(Van Der Plas et al., 2016), ecosystem resilience (Honkaniemi et al., 2020; Lamy et al., 2016)
and biodiversity (Schall et al., 2018; Schuler et al., 2019) has been found by previous research.
Yet, the effects of spatial configuration on disturbance impacts and temporal stability have not
been investigated. | found, that mixing tree species between stands can be as effective or even
more effective in buffering disturbance impacts than mixing tree species within stands. This
finding opens up opportunities for forest managers to efficiently increase tree species diversity
at the landscape scale as efforts to regulate inter-species competition are reduced with

between-stand mixtures.

4.6 Suggestions for management

Based on the results and experience of this thesis the following three suggestions for the
management of mountain forests under changing climate and disturbance regimes can be

formulated.

First, natural disturbances have strongly increased in Europe over the last thirty years
(Schelhaas et al., 2003; Seidl et al., 2014b; Senf et al., 2021, 2018a) and will most likely further
increase in the future (Dobor et al., 2020; Honkaniemi et al., 2020; Zimova et al., 2020). In
Austria increasing natural disturbances were mainly driven by increasing wind disturbances
(Chapter 1). The risk of wind-throw exponentially increases with tree heights over 20 meter
(Diaz-Yéafiez et al., 2019; Schmidt et al., 2010; Suvanto et al., 2019). Thus, the susceptibility
of a given landscape to increasing disturbances in Austria increases exponentially with the
number of trees over 20 meter height. Besides other management measures, limiting the share
of very high trees (> 20 meter) can effectively reduce the risk disturbances. Potential
management goals include but are not limited to: reducing rotation period and/or promoting

tree species with less height growth.

Second, a quantification of forest ecosystem services beyond wood production is necessary
for an evidence-based management of mountain forests in the 21th century. Mountain forests

have protected humans from natural hazard processes, including rock fall (Moos et al., 2017),
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avalanches (Casteller et al., 2018), debris flows and floods (Chapter 2), very cost efficiently in
the past. Frequent disturbances erode this protective function of forests (Chapter 2) and the
frequency of disturbances in Austria’s forests has strongly increased over the last thirty years
(wind = +355%, bark beetle = +77%, harvest = +26%). While the frequency of both human and
natural disturbances has increased, human disturbances account for 77 % of all disturbance
patches (Chapter 2). Thus, reducing the frequency of management interventions (e.g., timber
harvests, salvage logging) in protective forests would strongly decrease the frequency of
disturbances and consequently the risk of natural hazards. Further, unmanaged protective
forests could store high amounts of carbon (Luyssaert et al., 2008) and natural disturbance
patches that are excluded from salvage logging could increase biodiversity (Thorn et al., 2020,
2018). However, without financial incentives for carbon storage, biodiversity enrichment and
protection against natural hazards, forest owners are depended on timber harvests. Thus,
financial incentives are necessary to enable forest owners to apply new, evidence-based
mountain forest management strategies not necessarily including timber harvest. Measures
can include but are not limited to: applying continuous cover harvesting systems or no timber
harvest at all, avoiding salvage logging where possible, conducting quantitative risk
assessment of protection forests (incorporating risk of forest disturbance, risk of natural
hazards and resilience of protection forest), applying targeted measures to increase resistance

and resilience of protection forests.

Third, in the face of uncertainty, managing for diversity is a promising strategy independent
from the spatial scale and the indicator analyzed. It is unclear how climate and disturbance
change will exactly play out in a given landscape. Therefore, increasing diversity wherever
possible most likely increases chances that forests can cope with future challenges. Increasing
the structural diversity (i.e., the diversity in tree height and diameter) of forests fosters
resilience to disturbances (Bace et al., 2015; Hupperts et al., 2019). In structurally diverse
forests trees of different height and diameter grow next to each other. In the case of
disturbance smaller trees often survive disturbances and facilitate recovery (Seidl et al., 2014a)
providing ecological and economic advantages (Knoke et al., 2021). Further, structural
diversity was found to be a driver of forest productivity (Danescu et al., 2016). Increasing
diversity in tree species also increases forest productivity (Liang et al., 2016; Paquette and
Messier, 2011; Pretzsch et al., 2015), buffers biotic (Jactel et al., 2021) and abiotic (Grossiord,
2019; Metz et al., 2016, Chapter 3) disturbances and facilitates ecosystem functioning
(Ratcliffe et al., 2017). Further, societal changes (i.e., future demand for ecosystem services)
are highly unpredictable and a diverse portfolio of species increases the changes that multiple
and varying ecosystem services can be fulfilled (Felipe-Lucia et al., 2018; Knoke et al., 2016).
However, increasing diversity is not limited to forest structure and tree species, as genetic

diversity (Schaberg et al., 2008; Sgro et al., 2011) and economic diversity (Knoke et al., 2017)
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are considered equally important. Climate change will increase the growth-potential of
additional tree species in mountain forests, thus providing opportunities for increasing tree
species diversity in mountain landscapes (Chapter Ill). Forest managers of the 21% century
might take up these opportunities and further diversify mountain forests with regard to tree
species, forest structure, genetic resources, silvicultural techniques (from no management to
selective or single-tree cutting and slit and strip cuts to larger clear-cuts) and management
goals (from nature conservation, over timber production, over carbon storage, over protection

against natural hazards).
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ABSTRACT

Disturbances have increased in Central Europe’s forests, but whether changes in disturbance regimes are driven
by natural or human causes remains unclear. Satellite-based remote sensing provides an important data source
for quantifying forest disturbance change. Separating causes of forest disturbance is challenging, however,
particularly in areas such as Central Europe where disturbance patches are small and disturbance agents interact
strongly. Here we present a novel approach for the causal attribution of forest disturbance agents and illustrate
its utility for 1.01 million disturbance patches mapped from Landsat data in Austria for the period 1986-2016.
We gathered reference data on 2620 disturbance patches by conducting targeted field observations and struc-
tured interviews with 21 forest managers. We developed a novel indicator class characterizing the landscape
context of a disturbance patch (i.e., the spatio-temporal autocorrelation of disturbance patches on the landscape),
and combined it with other predictor variables describing the spectral signal, topography, and patch form of each
disturbance patch. We used these predictors to identify the causal agents for disturbances mapped in Austria
using Random Forest classification. Landscape context was the most important predictor of disturbance agent,
improving model performance by up to 26 percentage points. Wind, bark beetles and timber harvesting were
separated with an overall accuracy of 63%. Bark beetle patches were most difficult to identify correctly (pro-
ducer’s accuracy = 15%, user’s accuracy = 30%), while regular timber harvesting was classified with highest
certainty (producer’s accuracy = 68%, user’s accuracy = 82%). Harvesting dominates the disturbance regime of
Austria’s forests, with 70.5% of the disturbed area (76.7% of the disturbed patches) attributed to human causes
and 29.5% (23.3%) to natural causes (wind: 23.0% [14.8%], bark beetles: 6.5% [8.5%]). Increases in disturbance
since 1986 were driven by natural causes, with wind increasing by 408% and bark beetles increasing by 99%
between the first and the second half of the observation period. Wind-disturbed patches were also considerably
larger than those caused by bark beetles and harvesting (+102% and + 67%, respectively). Our novel approach
to mapping causal agents of forest disturbance, applicable also to highly complex and interactive disturbance
regimes, provides an important step towards a comprehensive monitoring and management of forest distur-
bances in a changing world.

1. Introduction

shape the structure, species composition and demography of forests for
decades to centuries (Schuler et al., 2019; Schurman et al., 2018; Senf

Disturbance is an important process in forest ecosystem dynamics. et al., 2021; Thom et al., 2018). Besides their ecological importance,
Disturbances are relatively discrete events in time that disrupt the disturbances directly affect human well-being through their impact on
structure of an ecosystem, community or population and change the supply of ecosystem services (Thom and Seidl, 2016), such as timber
resource availability (Pickett and White, 1985). As such, disturbances production (Seidl et al., 2008), protection against natural hazards
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(Sebald et al., 2019), or carbon storage (Dobor et al., 2018; Pugh et al.,
2019; Seidl et al., 2014). Forest disturbances also affect wildlife habitat
(Kortmann et al., 2018; Thom et al., 2017; Thorn et al., 2017), and are a
strong driver of the prevalence of many forest-dwelling species (Hilmers
et al., 2018). Given their relevance for both humans and the environ-
ment, there is increasing interest in monitoring forest disturbances from
local to global scales (Griffiths et al., 2014; Hansen et al., 2013; Masek
et al., 2013; White et al., 2017), especially because forest disturbances
are highly sensitive to climate change (Seidl et al., 2020, 2017; Som-
merfeld et al., 2018).

Disturbances have increased over the past thirty years in Central
Europe, but the causes of this increase remain unresolved. Since 1986,
disturbance rates have doubled in Central Europe (Senf et al., 2018) with
the highest disturbance rate of the period 1986-2018 observed in 2018
(Senfetal., 2021). Increases in disturbance rates resulted primarily from
increasing disturbance frequency rather than increasing patch size,
while disturbance severity generally decreased in Central Europe (Senf
and Seidl, 2021). Yet, the root causes of disturbance and the contribu-
tion of individual disturbance agents to the observed increase remain
disputed. While some studies identify forestry to be the driving force
behind increasing disturbances in Central Europe (Ceccherini et al.,
2020; Curtis et al., 2018), others suggest that climate change and
increased natural disturbances are a major driver (Klein and Hartmann,
2018). It remains unclear whether the increases in forest disturbance
reported for Central Europe are due to elevated human resource use (i.e.,
timber harvest) or increased natural disturbances (e.g., wind-throw and
bark beetle outbreaks, the two most important agents of natural
disturbance in Central Europe, Thom et al., 2013). It is of central rele-
vance for policy and resource management to understand the drivers
underlying recent changes in Europe’s forests (McDowell et al., 2015).
While human disturbances are the result of active decision making —
their occurrence, frequency, extent and severity are directly controlled
by managers on the ground — the dynamics of natural disturbances
remain difficult to control, especially under climate change (Seidl et al.,
2017). Natural disturbances frequently upend management plans and
challenge the stable and continuous supply of ecosystem services to
society (Albrich et al., 2018). Further, natural disturbances are expected
to intensify due to climate change (McDowell et al., 2020), potentially
exceeding the ecological resilience of forests and resulting in regime
shifts (Hughes et al., 2013). Therefore, it is necessary to accurately
identify the causes of forest disturbance in order to develop appropriate
response strategies to the ongoing changes in Europe’s forests.

Remote sensing using moderate-resolution sensors has evolved as a
key tool for forest disturbance ecology. Since the opening of the Landsat
archive in 2008, numerous studies have utilized the long and dense time
series of Landsat for mapping forest disturbances in a variety of different
ecosystems (e.g., Neigh et al., 2014a; Schroeder et al., 2017; White et al.,
2017; Zhu, 2017). While mapping forest disturbances from Landsat data
is thus quasi-operational (e.g., Hansen et al., 2013; Senf and Seidl,
2021), the attribution of causal agents of disturbance remains a major
challenge (Anderegg et al., 2020). Previous attempts have jointly used
spectral information, topography and patch metrics (e.g., the size and
shape of a disturbance patch) to identify causal agents of forest distur-
bance (Hermosilla et al., 2015; Kennedy et al., 2015; Schroeder et al.,
2017). Reference data has often been collected via the interpretation of
high-resolution imagery (e.g., Shimizu et al., 2017). While such ap-
proaches led to satisfactory results in some regions of the world (e.g.,
Canada: Hermosilla et al., 2015, USA: Kennedy et al., 2015; Schroeder
et al., 2017), its application in Central Europe revealed a number of
challenges (Oeser et al., 2017; Senf et al., 2017; Senf and Seidl, 2021):
First, patch sizes are generally much smaller in Central Europe,
compared to the US or Canada, inherently reducing the diversity of
patch forms at a given pixel size and limiting the inferential potential of
patch metrics for distinguishing causal agents of disturbance. Hermosilla
etal. (2015), for example, report an average size of 98 ha for disturbance
patches caused by timber logging in Canada, while patches created by
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wildfire were on average more than three times larger (324 ha). In
contrast, approximately 99% of all disturbances patches from both
natural and human causes are smaller than 10 ha in Central Europe (Senf
and Seidl, 2021), limiting the use of patch metrics to distinguish be-
tween disturbance agents. Second, the forests of Central Europe are
intensively managed and salvage logging after natural disturbance is a
common practice (Leverkus et al., 2018; Thorn et al., 2020, 2017).
Consequently, the spectral signal of natural disturbances is frequently
inseparable to that of human disturbances, especially when working
with annual resolution Landsat time series (Senf et al., 2017). Third,
freely available high-resolution imaginary is often limited to recent
years, underlies access restrictions, and/or has low temporal resolution.
This, in combination with immediate salvage logging, limits the in-
stances where the causal agent of a forest disturbance can be determined
with confidence from high resolution imagery in Central Europe.

The fact that the forests of Central Europe are coupled human and
natural systems might also provide an advantage for disturbance attri-
bution. In particular, planned logging traditionally aims at sustainable
timber supply, which leads to largely constant disturbance rates in space
and time (Sebald et al., 2019; White et al., 2017). In contrast, natural
disturbances often occur in localized pulses (Kennedy et al., 2015;
Schroeder et al., 2017, 2011; Senf and Seidl, 2018). For example,
cyclonic storm events leave distinct tracks of spatially autocorrelated
disturbance patches visible at the landscape-scale (Forzieri et al., 2020;
Turner and Gardner, 2015). Similarly, bark beetles only disperse for a
few tens to hundreds of meters, and infestations are thus spatially
autocorrelated (Seidl et al., 2016b; Turner et al., 1989). Consequently,
natural disturbances create a distinctly different landscape pattern sur-
rounding a given disturbance patch compared to planned harvest. Here,
we hypothesized that the landscape context (e.g., how a disturbance
patch relates to disturbances in the landscape surrounding it) holds
important information for identifying the causal agent of a disturbance.
Additionally, we aimed at taking advantage of the intensive manage-
ment of Central Europe’s forests for creating a reliable reference data-
base for disturbance attribution. Forest managers are an excellent source
of information on causal agents of disturbance, because they are the
ones planning and implementing management interventions, and
because they usually have good knowledge of the natural disturbances
affecting their management district. In Central Europe, management
districts are typically small (1000-5000 ha), and managers often spend
their entire professional life in the same district. They thus have detailed
local knowledge on disturbances. Yet this information can be difficult to
integrate with remote sensing data because it is distributed across many
individuals and hard to quantify. Here we combine established methods
of qualitative GIS (Cope and Elwood, 2009), participatory mapping
(Cadag and Gaillard, 2012; Chambers, 2006) and citizen science (Bon-
ney et al.,, 2009; Dickinson et al., 2010) to tap into the available
knowledge of forest managers.

We present a novel approach harnessing managers’ knowledge and
information on landscape context for improving the attribution of forest
disturbances mapped from satellite data to causal agents. Our main
motivation was to improve our understanding of the drivers of recent
increases in disturbance rates in Central Europe, i.e., to determine
whether elevated timber harvesting or increased natural disturbances
are behind recent changes in the forest disturbance regime. We focused
on Austria, a country representing several important European forest
types because of its high environmental variation. Our specific objec-
tives were to:

(1) establish a local reference database on the causal agents of forest
disturbance through conducting structured interviews with forest
managers;

(2) investigate the discriminating power of landscape context in-
dicators (i.e., the spatial-temporal autocorrelation of distur-
bances) for the attribution of causal agents, focusing on (planned)
harvest, wind and bark beetle disturbances;
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(3) attribute a total of 1.01 million disturbance patches in Austria for
the period 1986-2016 to either harvest, wind or bark beetles, and
quantify their patterns, prevalence and trends; and

(4) compare the prevalence and trends of disturbance agents to
official statistics, testing the applicability of our approach in the
context of the forest disturbance regimes of Central Europe.

2. Methods
2.1. Study area

Austria is a topographically diverse country located in Central
Europe. It is characterized by high mountains in the west and south,
while plains dominate the east and uplands characterize the north of the
country. A total of 48% (~4,000,000 ha) of the land area is forested,
with forests extending over an elevation gradient from the natural tree
line at between 1800 and 2300 m a.s.l. to forests near the lower tree line
at 100 m a.s.l. Forests are dominated by conifers (80.2% of growing
stock, BFW, 2020), with Norway spruce (Picea abies (L.) Karst), Euro-
pean larch (Larix decidua L.), Scots pine (Pinus sylvestris L.) and Silver fir
(Abies alba Mill.) being the most important tree species (BFW, 2020).
The most common broadleaved tree species are European beech (Fagus
sylvatica L.) and pedunculate oak (Quercus robur L.) (BFW, 2020). The
natural disturbance regime of Austria is dominated by wind and bark
beetle infestations (Thom et al., 2013). Forest fires do not play an
important role in Austria at the moment, but might become more
important in the future (Miiller et al., 2013).

Austria’s forests are intensively managed, with a high ratio of pro-
fessional forestry staff per forest area (7.8 professional forest managers
per 10,000 ha forest area, BMFLUW, 2008). Forest owners with a
property larger than 1000 ha are required by law to hire professional
staff for managing their forest. Further, the law strictly regulates forestry
operations such as clearcutting, replanting and salvage logging. For
example, the clear-cut size is restricted to <2 ha, standing or uprooted
trees that are infested by bark beetles have to be salvage logged within
two weeks after detection, and both natural disturbances and clear-cuts
must be restocked within five years. Consequently, mean patch sizes are
small and regeneration periods are short, making causal agent attribu-
tion from satellite data challenging (Senf et al., 2017).

2.2. Forest disturbance map

We used an existing Landsat-based European forest disturbance map
to identify disturbance patches (Senf and Seidl, 2021, available from
doi:://doi.org/10.5281/zenodo.4570157; version 1.0.0). The distur-
bance map was created at a spatial grain of 30 m and identifies distur-
bances at annual resolution for the period from 1986 to 2016. It is based
on all available Collection 1 Level 1 surface reflectance images from the
USGS Landsat archive and a well-established disturbance detection al-
gorithm (Kennedy et al., 2010) implemented in the Google Earth Engine
cloud computing platform (Gorelick et al., 2017a; Kennedy et al., 2018).
Disturbances in Europe were mapped with an overall accuracy of 92.5%,
a commission error of 14.6% and an omission error of 32.8%. Distur-
bance patches were defined annually using rook-contiguity. The mean
absolute error of the mapped disturbance year is 3 years and 77% of
disturbance years were classified within this range (Senf and Seidl,
2021).

2.3. Reference data

For attributing causal agents of disturbance, we collected reference
data across Austria from March to December of 2019. The data was
collected in nine forest enterprises and two national parks (Fig. 1,
Table 1). Forest enterprises in Central Europe are the administrative
entities responsible for management, and are comprised by multiple
forest management units. We contacted ten forest enterprises distributed
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Fig. 1. Disturbance map showing the study area (Austria) and the sites for
which reference data on disturbance agents were collected. Disturbances
(canopy removal) were mapped from Landsat data at a spatial grain of 30 x 30
m (Senf and Seidl, 2021). Reference site 4 and 5 five are National parks,
reference site 1-3 and 6-11 are forest enterprises.

across Austria, of which nine agreed to contribute to our analysis.
Contact information for all forest enterprises managing a forest area
larger than 500 ha in Austria is publicly available in a forestry yearbook.
In each forest enterprise we conducted structured interviews with pro-
fessional foresters, obtaining local expert information on the occurrence
of harvest, bark beetle and wind disturbances (comparable to partici-
patory mapping approaches see Cadag and Gaillard, 2012; Chambers,
2006). In addition to these three major disturbance agents we also
recorded patches caused by fire, gravitational events and land use
change. Their frequency was too low, however, to be included in our
analysis (fire n = 1, gravitational events n = 114, land use change n =
74, of the 2809 patches recorded). Enterprises were typically structured
into management units with a size between 1000 and 5000 ha. Each of
these management units had a responsible forest manager, in charge of
the executive management decisions in the district (e.g. timber har-
vesting, replanting, salvage logging). Managers thus have detailed, first-
hand knowledge on all harvesting operations and natural disturbances
that happen in their area of responsibility. During the interviews, the
interviewer and the forest manager went through patches of the Landsat-
based disturbance map (Senf and Seidl, 2021) and determined the causal
agent of disturbance patches. Patches for which forest managers were
not able to identify the causal agent with certainty were skipped. If more
than one agent was responsible for a disturbance patch, the agent that
had caused the largest proportion of the patch was recorded. We pref-
erably interviewed experienced foresters who had been in charge of
their district for more than 20 years, thus covering the majority of the
time span covered by the European forest disturbance map (1986 to
2016). In total, we interviewed 21 foresters, managing a forest area of
~37,000 ha, accessing the combined knowledge of 501 cumulative
years of professional experience (Table 1). The distribution of reference
data over time is displayed in the Appendix (SI 1).

In addition to structured interviews with forest managers we
collected reference data in two Austrian national parks to extend our
reference dataset also to unmanaged forests. In contrast to forest com-
panies, national parks do not conduct planned timber harvesting oper-
ations, and their core zones are excluded from the legal obligation to
salvage log natural disturbances. Wind-thrown and bark beetle infested
trees thus remain on site, allowing an experienced field crew to distin-
guish wind disturbance (root plates, uprooted trees, broken trees) from
bark beetle patches (standing deadwood, red crowns) for several years
after the disturbance event (Copass et al., 2018). Field crews were
equipped with disturbance maps and GPS devices to identify specific
disturbance patches in the field. After a close inspection of the
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Table 1
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Summary of the reference data on disturbance agents collected. We recorded reference data on the causal agents of forest disturbance in nine forest enterprises and two
national parks throughout Austria. We conducted structured interviews with 21 forest managers, harnessing 501 years of cumulative professional experience. Further,
we collected reference data in the field for the two national parks. From both data sources we gathered information on the causal agents of disturbance for 2620

disturbed patches. For the location of each reference site see ids in Fig. 1.

Id Type Elevation [m a.s.l.] Number of foresters / cumulative years of Forest area Attributed patches
experience [ha]
Forest National Min Max Mean  SD Number  Hectares
enterprise park
1 X 677 2051 1415 227 4/120 7500 390 309
2 X 434 1499 793 251  2/52 4400 204 311
3 X 489 810 629 80 3/75 2628 242 361
4 X 541 1546 1138 204 - 15,629 309 319
5 X 603 1303 885 151 - 9676 91 72
6 X 609 1497 1001 236  3/70 6650 194 347
7 X 385 1709 1099 414  2/55 3290 82 142
8 X 1154 1731 1471 138 1/33 1850 135 150
9 X 231 1422 465 161  3/64 4860 285 299
10 X 246 688 379 82 1/34 1600 211 311
11 X 773 1022 897 53 2/32 4400 477 483
Overall 9 2 161 2051 924 385  21/501 62,298 2620 3240

disturbance patch and the available on-site disturbance legacies, field
crews determined the causal agent of disturbance. Patches that were
inconclusive were not included in the reference database. The core zones
of the two National parks are 15,629 ha (Kalkalpen National Park) and
9676 ha (Gesaeuse National Park) in size. Over both parks, disturbance
agents were determined in the field for 400 patches. From both sources
(i.e., national parks and forest enterprises), we determined agent in-
formation for 2620 disturbance patches in our reference database, of
which 455 were caused by bark beetles, 760 by wind, and 1405 by
timber harvest.

2.4. Attribution model

We utilized the reference data to train a Random Forest classifier
(Breiman, 2001), predicting the causal agent of all disturbance patches
mapped for Austria between 1986 and 2016, based on predictors
describing the spectral signal, topography, patch form, and landscape
context of each patch (Table 2). To identify the importance of individual
predictors and to test our hypothesis on the importance of landscape
context for attributing agents we built three models and compared their
predictive performance. The first model only included predictors
describing shape, topography and spectral properties of a patch; the

Table 2

List of all predictors that were considered for attributing causal agents of
disturbance in Austria. Those with the highest predictive power were included in
the final model (underlined). For additional information on all predictors see
Table SI 2.

Domain Predictors (included in final model)

Topography
Easterness, Northerness, Slope, Topographic ruggedness
index

Patch
Area, Core area Index, Related circumscribing circle,
Contiguity index, Core area, Euclidean nearest neighbor
distance, Fractal dimension index, Radius of gyration,
Number of core areas, Perimeter-area ratio, Patch perimeter,
Shape index

Spectral

Pre-disturbance B1, B2, B3, B4, B5, B7, NBR, NBR2, NDMI, NDVI, SAVI

mean

B1, B2, B3, B4, B5, B7, NBR, NBR2, NDMI, NDVI, SAVI
B1, B2, B3, B4, B5, B7, NBR, NBR2, NDMI, NDVI, SAVI

Change magnitude
Post disturbance
minimum
Landscape context
Same year, one year before, two years before, three years
before

second model additionally included four predictors describing the
landscape context of a disturbance patch. For the third model, we
removed all predictors of the second model that became redundant by
adding the landscape context predictors. In the following, we describe
the predictor variables in detail, followed by details on the Random
Forest model, variable selection, the application of the model, and the
evaluation of our results.

2.4.1. Predictor variables

We calculated three metrics describing the spectral characteristics of
a disturbance: the pre-disturbance spectral mean, the spectral change
magnitude during disturbance, and the post-disturbance spectral mini-
mum (Fig. 2). The pre-disturbance mean describes the “normal” spectral
reflectance of the surface before a disturbance has happened. The
change magnitude describes the “disturbance impact”, that is how
strongly the spectral signal changes in response to the disturbance. The

I
I

1

Pre-disturbance mean

Change magnitude

1

Spectral Index

=

Post-disturbance minimum

Year

Fig. 2. Conceptual figure explaining how we quantified the spectral signal of a
disturbance using three metrics: the pre-disturbance spectral mean, the spectral
change magnitude, and the post-disturbance spectral minimum. We calculate
all three metrics for the six spectral bands of Landsat (excluding the Cirrus band
for Landsat 8) and five spectral indices: The Normalized Burn Ratio (NBR), the
Normalized Burn Ratio 2 (NBR2), the Normalized Difference Moisture Index
(NDMI), the Normalized Difference Vegetation Index (NDVI), and the Soil-
Adjusted Vegetation Index (SAVI). All metrics were calculated per Landsat
pixel and then averaged over all pixels of a disturbed patch. For the distribu-
tions of predictor values and correlations among final predictors see SI 2, SI 3
and SI 4.
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post disturbance minimum describes the spectral reflectance after the
disturbance event. Spectral variation after disturbance is often high and
recovery trajectories can quickly resemble pre-disturbance spectral
characteristics, especially if understory vegetation is present (Hais et al.,
2009). We therefore used the minimum value over the mean to depict
the spectral characteristics directly after disturbance, instead of the
mean spectral characteristics of the post-disturbance recovery trajec-
tory. Metrics were derived from annual medoid composites (see Flood,
2013), which were created from all Tier-1 surface reflectance images
available between 1st of June and 30th of September. Data from TM/
ETM+ and OLI were spectrally aligned using coefficients provided by
Roy et al. (2016) prior to compositing, and clouds, cloud shadows and
snow observations were filtered using the quality flags accompanying
the Tier-1 products. The image acquisition, processing and compositing
was done with help of the Google Earth Engine cloud computing envi-
ronment (Gorelick et al., 2017b). We calculated the three spectral
metrics (pre-disturbance mean, change magnitude, and the post-
disturbance minimum) for all six spectral bands (excluding the Cirrus
band for Landsat 8) as well as for five spectral indices: The Normalized
Burn Ratio (NBR), the Normalized Burn Ratio 2 (NBR2), the Normalized
Difference Moisture Index (NDMI), the Normalized Difference Vegeta-
tion Index (NDVI), and the Soil-Adjusted Vegetation Index (SAVI). These
indices have been employed for causal agent attribution in the US and
Canada in previous studies (Hermosilla et al., 2015; Kennedy et al.,
2015) and we here test their inferential power in Central Europe. The
three metrics were calculated at the pixel-level for each index (i.e., 30 m
Landsat resolution) and were subsequently averaged at the patch-level.
This resulted in a total of 21 predictor variables.

In addition to spectral characteristics we included a set of topo-
graphic metrics found to be important in previous studies (Kennedy
et al., 2015; Oeser et al., 2017; Shimizu et al., 2017), including two
indicators describing the exposition of a patch (i.e., easterness and
northerness), one indicator quantifying the average slope of a distur-
bance patch, and one indicator expressing terrain ruggedness (Terrain
Ruggedness Index, TRI, Riley, 1999) within a disturbance patch. Pre-
vious research also suggested patch form (e.g., rectangle, round, strip,
highly complex) to hold relevant information for distinguishing distur-
bance agents (e.g., Kennedy et al., 2015; Shimizu et al., 2017). We
consequently also included a comprehensive set of 12 patch metrics
(Hesselbarth et al., 2019), describing both the size and form of a
disturbance patch (Table 2). Patch metrics were calculated using the
landscapemetrics package (Hesselbarth et al., 2019) in the R software
environment for statistical computing (R Core Team, 2020).

In addition to these established predictors used in past studies we
here propose a new metric describing the landscape context of a
disturbance patch. Specifically, we calculated the cumulative forest area
that was disturbed in the same year as the focal patch within a given
radius around the focal patch (see Fig. 3). The new metric is based on the
press-pulse dichotomy of disturbance (Bender et al., 1984) and follows
the assumption that wind and bark beetle disturbances occur in pulses
(Senf and Seidl, 2018), while human resource use leads to relatively
stable harvesting rates over time (White et al., 2017), thus creating a
press disturbance regime (Sebald et al., 2019). Our metric also accounts
for the fact that natural disturbances are often spatially clustered (Kautz
et al., 2011; Pasztor et al., 2014; Seidl et al., 2016b; Turner et al., 1989).
In simple terms, we expected a disturbance patch that is surrounded by
many disturbance patches occurring in the same year to be more likely
caused by a natural disturbance agent (i.e., wind or bark beetle)
compared to a patch that is surrounded by disturbance patches occur-
ring in many different years (see Fig. 3). Wind disturbances increase the
amount of suitable breeding material for bark beetles on the landscape,
frequently triggering mass outbreaks (Marini et al., 2013; Seidl et al.,
2016b). Consequently, the years after a wind disturbance are often
characterized by severe bark beetle outbreaks in adjacent forests of wind
thrown patches (Stadelmann et al., 2014; Wermelinger, 2004). We
accounted for these spatio-temporal interactions between wind and bark
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[ ] two years before
[ ] three years before
[ ] all other

center of patch
B same year as patch
] one year before

Fig. 3. Example of how landscape context - quantified in a certain radius
around a focal patch — was used to distinguish between natural and human
disturbances. A) focal patch is caused by regular harvesting, B) focal patch is
caused by windthrow. The underlying assumption is that natural disturbances
occur in pulses and are spatially clustered, while human resource use aims for
stable harvesting rates over time, thus creating a press disturbance regime with
lower spatio-temporal clustering. To characterize landscape context, we
calculated the cumulative forest area disturbed in the same year as the focal
patch within a fixed radius. The dashed circles correspond to different radii
tested (i.e., 500 m, 2500 m, 5000 m, 10,000 m). We also calculated the cu-
mulative disturbed area in the three years preceding the disturbance of the focal
patch in order to account for temporal autocorrelation.

beetle disturbances by not only including the cumulative disturbed area
of the same year as the focal patch in our new metric, but also ac-
counting for the disturbed area of the three previous years. The land-
scape context metric was calculated on the level of patches. We
measured the radius around a patch from its centroid, thus if the
centroid of the patch fell within the radius the entire patch was included.
The landscape context predictors were only weakly correlated among
each other (see SI 5). As no a priori information on landscape size (i.e.,
here the radius around a focal patch within which context information is
considered) was available, we tested different radii from 500 to 10,000
m (but see also Section 2.4.2).

2.4.2. Variable selection

Important variables were selected using the VSURF package based on
the variable importance measure of the Random Forest package (Genuer
et al., 2015, 2010). Variable importance is calculated from the differ-
ence in out-of-bag accuracy for different models with varying variables
expressed as mean decrease in Gini index. The VSURF packages selects
influential variables in three steps. In a first step (“thresholding step™) it
computes 50 Random Forests and sorts variables according to their
mean variable importance, in decreasing order. Next, a threshold is
computed, which is the minimum predicted value of a pruned CART tree
fitted to the curve of the standard deviations of variable importance.
Finally, the actual “thresholding step” is performed: only variables with
a mean variable importance larger than the threshold are kept. The
second step (“interpretation step™) considers only variables selected by
the first step and computes again 25 Random Forest models, starting
with the Random Forest build with only the most important variable and
ending with all variables selected in the first step. Then, the minimum
mean out-of-bag (OOB) error of these models and its associated standard
deviations are computed. Finally, the model with the lowest error (and
hence its corresponding variables) is selected. In a third step (“predic-
tion step™) the starting point is the same than in the second step. How-
ever, now the variables are added to the model in a stepwise manner. A
mean jump value is calculated using variables that have been left out by
the second step. A variable is included in the model if the mean OOB
error decrease is larger than the mean jump value. The idea is that the
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OOB error decrease must be significantly greater than the average
variation obtained by adding noisy variables.

2.4.3. Random forest model

The parametrization of the Random Forest models was based on the
recommended default values of the randomForest package in R (ntrees =
500, cutoff = 1/k = 1/3 see Breiman, 2001; R Core Team, 2020).
Random Forest classifiers are a powerful method for causal agent
attribution (Hermosilla et al., 2015; Kennedy et al., 2015; Oeser et al.,
2017; Shimizu et al., 2017). Here, we applied them in a three-step
approach: In the first step, we trained a base model including all pre-
dictors describing the spectral signal, topography and patch form (a total
of 52 predictors), and selected 18 predictors with the highest predictive
power via the VSURF procedure for variable selection described above
(Genuer et al., 2015, 2010). In a second step, we added the newly
developed landscape context predictor to the model. We tested different
radii (i.e., 500 m, 2500 m, 5000 m, 10,000 m) to quantify the additional
information that is provided by the spatial context of a patch, and to
determine the landscape radius with the highest inferential power for
determining causal agents of disturbance. In a third step, we selected the
predictors of the final model by removing all variables that became
redundant by adding the landscape context predictor, again using the
VSURF procedure. We deliberately did not include disturbance year as
predictor, as including this variable would have led to a potential bias in
predictions stemming from an unequal temporal distribution of refer-
ence data. We trained the Random Forest classifier with all attributed
disturbance patches of the reference sample (n = 2620).

2.4.4. Disturbance pattern analysis

We employed the final model to predict causal agents of disturbance
(i.e., wind, bark beetles, harvest) for all disturbance patches identified in
Austria between 1986 and 2016 (n = 1,006,449). Subsequently, we
calculated annual disturbance rates (i.e., annual forest area disturbed /
total forest area) for the three causal agents and investigated temporal
rates and the prevalence of individual agents over time (with prevalence
here describing the annual forest area disturbed per agent divided by the
total forest area disturbed). Further, we analyzed spatial and temporal
patterns as well as patch size distributions of the attributed maps and
compared them among the three agents. All data analysis and visuali-
zation were conducted using R version 4.0.2. (R Core Team, 2020).

2.4.5. Causal agent model evaluation

We evaluated model performance on the basis of the Random Forest
out of bag accuracy and on the basis of a spatial block cross-validation.
While the former serves as estimation of model performance and is used
for model selection, the latter presents an estimate of generalization
power. Out of bag accuracy was calculated following the standard pro-
cedure implemented in the Random Forest package (Breiman, 2001).
Spatial block cross-validation, which splits the data into spatial blocks
before splitting into training and validation data, is helpful in avoiding
overoptimistic map accuracies with large spatial datasets that might
have high spatial correlation among training and validation data when
randomly split (Meyer et al., 2019; Valavi et al., 2019). Here we used our
11 reference sites (i.e., nine forest enterprises and two national parks) as
spatial blocks, as spatial correlation within reference sites is likely
higher than between reference sites. By training the model on 10
reference sites and predicting causal agents for the remaining 11th site
not used during model training, we obtained an estimate of the gener-
alization power of the model when confronted with new data that is
likely less correlated with the training data than using pure random
splits (Meyer et al., 2019). We calculated average accuracy measures
(overall accuracy, user’s accuracy and producer’s accuracy) and quan-
tified uncertainty using bootstrapping.

In addition to formal model evaluation we further tested the poten-
tial of our model to reproduce national-scale trends in forest distur-
bance. We compared the prevalence of all three causal agents with
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official logging records compiled by the Austrian Forest Service. We
determined mean errors between the two data sources by calculating
annual deviations and averaging over the study period (1986-2016).
Data on salvage logging following wind and bark beetle disturbance
were digitized from the website of the Federal Forest Research Institute
(BFW, 2017). Data on total harvested timber volume were obtained from
the Austrian Ministry of Forests (BMNT, 2008; Ebner, 2018). We
compared prevalence of agents rather than absolute numbers due to
differences in measurement units: official records report the timber
volume disturbed, while we here quantified disturbed area.

3. Results

Landscape context was the most important predictor for determining
causal disturbance agents in Austria. Using only predictors describing
the spectral signal, topography and patch shape enabled us to determine
the causal agent of disturbance with an overall accuracy of 43% (spatial
block cross-validation) and 69% (out-of-bag) (SI 6 and SI 7). Including
the landscape context significantly improved model performance
(Fig. 4), resulting in an overall accuracy of 63% (spatial block cross-
validation) and 75% (out-of-bag) (Table 4, SI 6, SI 7). Model perfor-
mance improved with increasing radii up to 5000 m, but remained
relative constant for larger radii. The landscape context was particularly
important for identifying wind disturbance patches, but improved the
classification of all three causal agents. The final model included eight
predictors, with one predictor describing the topography of the patch
(slope), three predictors from the spectral domain (pre-disturbance
value in blue reflectance and NBR; change magnitude in NDVI), and all
four landscape context predictors (same year, one year before, two years
before, three years before) (Table 2, SI 8).

The spatial block cross-validation revealed user’s accuracies between
30% and 68% and producer’s accuracies between 15% and 84% per
agent (Table 3). Bark beetle patches were most often confused with
harvest patches, yet there was also a considerable number of patches
that were falsely attributed to wind. In total, we observed 455 bark
beetle patches but predicted only 223. The map thus underestimates the
number of bark beetle patches in Austria and overestimates the number
of harvest patches (with bark beetle patches being falsely labeled as
harvest). Wind disturbances were mainly confused with harvest patches.
We observed 760 wind patches but our model predicted only 660
patches. Harvest was the most accurately classified category, and con-
fusions occurred with bark beetle and wind patches in equal parts. We
predicted 1737 harvest patches but observed only 1405 in the reference
data. Our attribution thus overestimates the number of regular harvests
and underestimates the number of disturbance patches due to natural
causes.

The comparison of the mapped prevalence per agent class across
Austria (based on disturbed area) with official harvesting records (based
on timber volume) yielded very good agreement, with mean errors of
-+0.40 percentage points for harvest, —2.34 percentage points for wind
and + 1.94 percentage points for bark beetle (Fig. 5). The temporal
trajectories of wind and harvest disturbances were highly similar be-
tween both data sources. The well-known years with large wind dis-
turbances (1990, 2003, 2007, 2008) are reflected in both trajectories
with comparable magnitude, however differences of + one year
occurred in some disturbance years (e.g., 2003). The trajectories of bark
beetle disturbance generally describe the same temporal pattern, how-
ever peak years (1993, 2005, 2009) are more distinct in the data of the
Austrian Forest Service compared to Landsat-based estimates.

Regional and elevational hotspots of disturbance activity differed
distinctly for wind, bark beetle and harvest disturbance (Fig. 6, SI 9, SI
10). Regional hotpots of wind disturbance were found on the Northern
Front Range of the Alps (district Gmunden), in the south east of Austria
(district Voitsberg) and in some valleys of the Central Alps (districts
Tamsweg, Stainach and Zell am See) (SI 9). The highest prevalence of
bark beetle disturbance was mapped in northern and south-eastern
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Fig. 4. Model improvement through adding predictors describing the landscape context (i.e., spatio-temporal autocorrelation of disturbances). Model improvement
was evaluated based on overall accuracy (out-of-bag), user’s accuracy and producer’s accuracy. Panels show the relative model improvement over different radii used
for calculating the landscape context (i.e. 500 m, 2500 m, 5000 m, 10,000 m). Note the individual scaling of the y-axes. A radius of zero corresponds to the base

model without any metric quantifying the spatial context of a patch.

Table 3

Performance of the final model based on spatial block cross-validation. The
confusion matrix shows number of patches per agent class (i.e., harvest, wind,
bark beetle) in the reference database (columns) and the results of the model
predictions (rows). Further, the table reports user’s and producer’s accuracy +
standard error, calculated per agent class as well as the overall accuracy.

Austria. Elevational hotspots of wind disturbance were found between
756 and 1302 m a.s.l. (i.e., the interquartile range [IQR] of all mapped
wind disturbance patches) with a median elevation of 1025 m. Median
elevation of bark beetle patches was considerably lower (512 m, IQR
364-769 m), while harvest patches had the widest elevational distri-
bution, with the IQR ranging from 622 to 1255 m (median = 922 m) (SI
10).

Harvest Wind Bark beetle  User’ . o . . . T
Ossr::‘,sed O];;rved DEZerv:i ¢ acsceljrzcy We identified considerable differences in the patch size distributions
[n] [n] [n] [%] of the three causal agents analyzed (Table 4). Median patch sizes were
Harvest 1175 208 264 7.7 31m11a'r among wind (0.45 l?a), harvest (0.36.ha) and .bark beetle (0.36
predicted (+1.16) ha) disturbances, but maximum values varied considerably between
[n] agents (Table 4). Wind disturbances generally caused larger patches,
Wind - 121 416 123 63.0 compared to regular harvest. The largest disturbance patch in Austria
I[’Irjdwted (+1.88) between 1986 and 2016 was caused by wind, affecting a forest area of
Bark beetle 109 46 68 306 354 ha. The largest bark beetle patch was 22 ha, and the largest patch
predicted (£3.21) identified as regular harvest was 38 ha. The average disturbance rota-

[n] tion period (i.e., the time needed to disturb an area that is equal to the

Producer's  84.6 54.8 15.0 total forest area) over all three agents was 206 years and was up to ten

accuracy (£1.01) (+1.78) (£1.73) . . .

%] times higher for natural, compared to human causes. Average distur-

Overall 63.4 bance frequency ranged from 0.0005 patches ha year ™! for bark beetles
accuracy (£0.97) to 0.0054 patches ha year~! for harvest.

[%] Wind and bark beetles strongly contributed to the observed increase
in disturbance over the last thirty years in Austria (Fig. 7). We here note
that we report map-based estimates of disturbance rate and agent
prevalence, which cannot be validated rigorously (Palahi et al., 2021).
The numbers reported in the following can thus only provide an
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Fig. 5. Comparison of prevalence mapped from Landsat data (orange line) and official records from the Austrian Forest Service (green line) per agent. Note that the
Austrian Forest Service reports extracted timber volume per agent class (i.e., harvest, wind, bark beetle), while we calculated the disturbed area per agent class based
on Landsat data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Map of the causal agents of disturbance in Austria from 1986 to 2016, aggregated to a resolution of 200 x 200 m (A). Colors indicate the dominant agent per
200 x 200 m grid cell. Zoom-ins show landscapes, that are dominated by harvest (B), wind (C) and bark beetle (D) disturbances at the original resolution of the
disturbance map (i.e., 30 x 30 m). The background of panels B—D is a high-resolution image provided by Google Maps.

Table 4

The Austrian forest disturbance regime 1986-2016. Disturbance rotation period is the average time it takes an agent to disturb an area equally to the total forest area.
Q = quantile.

Agent Patch size [ha] Number of patches Area Rotation period Frequency
Min Q5 Q25 Q50 Mean Q75 Q95 Max n % ha % years n ha year™?
Harvest 0.09 0.18 0.27 0.36 0.64 0.72 1.8 38.9 772,111 77 491,605 71 293 0.0054
Wind 0.09 0.18 0.27 0.45 1.07 0.99 3.33 354.0 149,169 15 160,060 23 898 0.0010
Bark beetles 0.09 0.18 0.27 0.36 0.53 0.54 1.44 22.0 85,142 9 45,427 7 3165 0.0006
Overall 0.09 0.18 0.27 0.36 0.69 0.72 1.98 354.0 1,006,449 697,093 206 0.70
100 1 ymmm
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Fig. 7. Disturbance rate (i.e., disturbed area per year relative to the total forest area) and prevalence (i.e., % of disturbed forest area by agent) for harvest, wind and
bark beetle disturbances in Austria from 1986 to 2016.
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indication for interested ecologists and forest managers. Disturbance
rates of wind and bark beetles increased by 408% and 99% between the
first (1986-2000) and the second (2001-2016) half of the observation
period. In contrast, regular harvests increased by only 43% over the
same time period. Furthermore, not only absolute disturbance rates
changed, but also the prevalence between the three causal agents of
disturbance. In the first half of the observation period, on average 86%
of the disturbed area were regular harvests. The prevalence of harvests
decreased to 68% in the second half of the observation period, and that
of wind and bark beetle disturbances increased from 14% to 32%.
Increasing disturbance rates were primary driven by changes in distur-
bance frequency and only to a lesser extent by increases in patch size.
Average disturbance frequency increased by 355% for wind, 77% for
bark beetles, and 26% for harvest. Average patch size increased by 8%
for wind, 14% for bark beetles, and 13% for harvest.

4. Discussion
4.1. Attributing causal agents of disturbance in Central Europe

The attribution of forest disturbances mapped from satellite data to
causal agents is a central objective of current remote sensing research
(McDowell et al., 2015). Here we determined the causal agents of ~1
million disturbance patches mapped in Austria between 1986 and 2016.
We built upon previous works that have established a patch-based
approach using Random Forest classifiers as the state-of-the-art for
causal agent attribution of forest disturbances (Hermosilla et al., 2015;
Kennedy et al., 2015; Oeser et al., 2017; Schroeder et al., 2017; Shimizu
et al,, 2017). We advanced the state-of-the-art by showing that the
additional consideration of landscape context can considerably reduce
error in the attribution of causal agents of forest disturbance.

A key innovation of our work lies in the establishment of a local
reference database on agents of forest disturbances, utilizing the abun-
dant local knowledge that is available in intensively managed regions
such as in Central Europe. Involving stakeholders to address questions of
environmental management has been established more than twenty
years ago (Pretty, 1995). Specifically, research can benefit strongly from
the interaction of scientist and resource managers (Reed, 2008). Recent
studies emphasize that close science-management interactions are a
powerful way forward for tackling complex problems (Asah and Blahna,
2020; Gaydos et al., 2019). Increasing forest disturbance is a problem
that is highly relevant for forest managers in Austria (Seidl et al., 2016a),
which is generally beneficial for the outcome of science-practice in-
teractions (Bennett, 2017). This was also confirmed by a high willing-
ness of forest enterprises to take part in our research. Out of the ten
forest enterprises initially contacted, nine agreed to contribute. The
amount of reference data that we collected could not have been obtained
with classical field work alone. On average, we collected data on 194
patches in one day of interviews with managers, while a field crew of
two persons collected, on average, data on 24 patches per day in the
national parks surveyed. While being a very efficient approach for
reference data collection, the interviews with managers also revealed a
central conceptual challenge of causal agent attribution in the forests of
Central Europe: for some patches, a single agent of disturbance cannot
be determined, as multiple factors interacted in the creation of the
patch. As mentioned above, forest managers often respond quickly to
natural disturbances (with salvage and sanitation logging), and often fell
trees when they are still in the green attack stage of bark beetle infes-
tation (i.e., before the trees are actually killed by bark beetles).
Furthermore, managers also fell adjacent trees that are suspected to be
infested by bark beetles without conclusively diagnosing each trees
infection status. Also, bark beetle infestations and wind-throw often co-
occur within a single patch. The true agent of disturbance is thus often a
mix of individual agents that cannot be conclusively disentangled
because of their causal interrelations. Here, we circumvented this con-
ceptual problem by focusing on the agent that is responsible for the

Remote Sensing of Environment 262 (2021) 112502

largest proportion of a disturbed patch. However, for similar analyses at
larger scales a “mixed” class might be more appropriate, explicitly
highlighting the strong interactions between individual agents. Future
work on causal agent attribution in Central Europe might also investi-
gate the potential of pixel-based instead of patch-based approaches.
Further, data sources with higher temporal and spatial resolution
compared to the Landsat archive might help improving causal agent
attribution, especially for instances were human and natural agents of
disturbance interact strongly.

Including the landscape context of a disturbance patch as predictor
substantially improved model performance compared to models based
only on spectral signal, topography, and patch form. In particular, the
discrimination between disturbances caused by wind and timber harvest
improved through adding landscape context. While the spatial and
temporal autocorrelation of wind and bark beetle disturbances are well
documented in disturbance ecology (Everham and Brokaw, 1996;
Turner et al., 1989; Turner and Gardner, 2015; Wermelinger, 2004), and
landscape context predictors have been suggested for causal agent
attribution previously (Kennedy et al., 2015), we here present the — to
our knowledge —first formal test of their discriminating power. Our re-
sults indicate that in the intensively managed forests of Central Europe,
landscape context is considerably more important for correctly pre-
dicting disturbance agents than any spectral or patch indicator. The high
importance of landscape context in our study might, however, be spe-
cific to forests in Central Europe. First, disturbances in Austria are small
(84% of the patches are below 1 ha), due to the applied silvicultural
regimes and the prevailing management regulations. A high number of
small patches limits the diversity of patch forms (i.e., given the fixed
spatial grain of 30 m, there is a limited number of patch forms that can
emerge for an average disturbance patch of 10 pixels). This might be the
reason why none of the patch metrics were retained in the final model,
despite the fact that patch metrics have been shown to be important
predictors in other parts of the world (Kennedy et al., 2015; Schroeder
et al., 2017; Shimizu et al., 2017). Another factor potentially contrib-
uting to a reduced importance of predictors describing the spectral
signal and patch form is salvage logging. Post-disturbance salvage log-
ging frequently simplifies patch forms and equalizes differences between
natural disturbances and regular harvests, e.g. by removing standing
and downed deadwood. We thus emphasize that in Central Europe,
landscape context predictors are more important for causal agent attri-
bution than the patch-based indicators used in previous studies (Ken-
nedy et al., 2015; Schroeder et al., 2017; Shimizu et al., 2017). Whether
these metrics are also useful in fire-driven disturbance regimes remains
to be tested.

An evaluation of our results with spatial block cross-validation
yielded an overall accuracy of 63% and (Table 3), whereas the out-of-
bag accuracy was 75% (SI 6). These results underline the importance
of spatial cross validation for machine learning applications in order to
avoid overly optimistic estimates of model performance (Meyer et al.,
2019). Comparing user’s accuracies (OOB) of individual agent classes to
those obtained in previous studies suggests that our results are compa-
rable to those obtained in other regions of the world. We obtained user’s
accuracies of 75.0% for disturbances caused by harvest, while studies in
other parts of the world report, e.g., 87.3% for Russia (Baumann et al.,
2014), 98.8% for Minnesota (USA) (Baumann et al., 2014), 92% for
Washington (USA) (Kennedy et al., 2015), between 63 and 87%
(Schroeder et al., 2017) and 82.3% (Schleeweis et al., 2020) across the
USA, 80.9% (Senf et al., 2015) and 91.8% (Hermosilla et al., 2015) for
different regions in Canada, and 86.4% for Myanmar (Shimizu et al.,
2017). Disturbances caused by wind were attributed with a user’s ac-
curacy of 78.7% here, while Baumann et al. (2014) report 71.9% for
Russia and 63.0% for Minnesota (USA), and Schroeder et al. (2017)
report 62% and 76% for two Landsat scenes in the USA. Bark beetle
disturbances were attributed with a user’s accuracy of 69.2% using our
approach, compared to 66.7% (Schleeweis et al., 2020), 56%(Neigh
et al., 2014a) and 38% (Neigh et al., 2014b) for insect disturbances in
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the USA; and 70.8% in Canada (Senf et al., 2015). For Central Europe,
only one study attributing harvest, wind and bark beetle disturbances
existed to date: Oeser et al. (2017) report user’s accuracies of 82.6% for
harvest, 86.1% for bark beetle, 80.4% for windthrow and an overall
accuracy of 83.0% for three National parks in Central Europe. They used
intra-annual Landsat time series for attributing causal agents of distur-
bance from 1986 to 2016. However, their study focused on national
parks (i.e., areas with little human influence), and they found elevation
and disturbance year to be among the most important predictors. We
deliberately excluded these two variables in our analyses, in order to
prevent the model from learning the idiosyncrasies of the data (e.g., the
occurrence of a large wind disturbance in a given year), and retain its
ability for generalization beyond the reference data set. For example,
there is a general pattern of increasing bark beetle occurrence with
decreasing elevation, since bark beetles are more competitive in warmer
climates (Jakoby et al., 2019). However, this relationship is not linear
because in low elevations the share of suitable host trees (e.g., Norway
spruce) decreases. Consequently, the true probability of bark beetle in-
festations first increases with decreasing elevation and subsequently
decreases again after a threshold in host availability is crossed. A model
that includes elevation likely misclassifies small clear-cuts in low
elevation areas as bark beetle patches. The same is true for disturbance
year as predictor, which can severely bias predictions if reference data is
not equally distributed across years (i.e., the model learns that certain
years are characterized by bark beetle disturbance and has trouble
predicting bark beetle disturbance for years not included during model
training). While the accuracy of our models was higher when elevation
and disturbance year were included as predictors (data not shown), we
excluded these variables at the cost of accuracy in order to ensure model
generality.

Temporal trends in disturbance activity derived from Landsat data
were remarkably consistent with official harvest records (Fig. 5). We
thus conclude that our satellite-based analyses reflect the temporal
patterns of wind, bark beetle and harvest disturbances in Austria well.
Temporal dissimilarities between harvest records and Landsat-based
trajectories can be attributed to uncertainties in the year attribution in
the original map product, as well as to differences in the recording of
dates (i.e., harvesting records = end of calendar year, Landsat = mid of
vegetation period). Furthermore, harvesting records and Landsat-
derived values differ because of different underlying indicators. While
harvesting records report timber volume extracted, Landsat based maps
report area disturbed.

4.2. Limitations

Although our results are based on a large and detailed reference data
set, rigorous evaluations of our approach revealed limitations which
should be considered when interpreting our results. First, correct model
predictions depend on the reference data set representing the environ-
mental conditions occurring in the domain of application. Disturbance
regimes or environmental conditions that are not covered by our refer-
ence data set are thus prone to misclassification. A prominent example
are ecosystems in flood plain forests along rivers (cf. Fig. 6, east of
Vienna along the Danube river). These systems are often characterized
by a high frequency of small clear-cuts in Central Europe, creating
similar patterns as bark beetle disturbances. Yet bark beetle infestations
do not occur in these areas, because they lack suitable conifer hosts.
Second, our analysis focuses on the three most important agents causing
stand-replacing disturbances in Central Europe — wind, bark beetles, and
harvest (Thom et al., 2013) — and neglects all other disturbance agents.
However, a number of additional processes cause forest disturbances in
Austria, such as avalanches (Holler, 2009), debris flows (Scheidl et al.,
2020), forest fires (Miiller et al., 2013), and land use change (Nestroy,
2006). We recorded these events in our reference database, but their
frequency was too low for them to be included in classification (fire n =
1, gravitational events n = 114, land use change n = 74, of the 2809
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patches initially recorded in the reference data set). Third, we here
utilized an existing disturbance map that does not contain information
on sub-canopy processes and very low severity disturbances (e.g., single
tree wind-throw, thinning from below). A considerable amount of
disturbance might thus not be included in our analysis. Although the
minimum mapping unit of the final disturbance map is 1 pixel (see
Table 4), single pixel patches account for only 0.1% of all attributed
patches (n = 2017) thus their influence on the accuracy of the final map
is very limited. Fourth, although we believe that reference data collec-
tion with the help of forest managers is a promising approach to effi-
ciently collect data on causal agents of forest disturbance in Central
Europe, it is limited to areas where foresters spend long time periods of
their professional career in the same district. It further depends on in-
terviewers who sufficiently explain the process of reference data
collection and subsequent analyses to participating forest managers.
Forest managers should, for instance, be aware that a falsely attributed
disturbance patch affects the prediction results more negative than a
skipped patch (i.e., they should not guess the causal agent if they are not
entirely sure, but rather skip such an uncertain patch).

5. Conclusions

We here present an important methodological advance of the causal
attribution of forest disturbance agents. Our approach extends the pre-
viously applied method, developed for areas characterized by large
disturbance patches, so that it is also applicable in areas characterized
by small disturbances and intricate disturbance interactions. Here we
demonstrate the utility of our approach for Austria, yet we are confident
that it is transferable also to other countries of Central Europe, since the
disturbance regimes prevailing in large parts of the continent are similar
(Senf and Seidl, 2021). Our results are of central importance for forest
policy and management. They show that changes in disturbance rates in
Austria are mainly the result of increasing wind disturbances. Our re-
sults thus refute the notion that forest disturbance dynamics in Central
Europe is primarily driven by management (Ceccherini et al., 2020;
Curtis et al., 2018). We did, however, find increases in all three distur-
bance agents investigated here, indicating substantial changes in forest
disturbance regimes. As global change continues to alter natural
disturbance regimes, compensatory actions by management might be
needed in future. We here demonstrate that disturbance change is more
strongly driven by increases in disturbance frequency rather than size,
which provides an important leverage point for adapting forest man-
agement. In conclusion our research provides an important step towards
a comprehensive monitoring and management of forest disturbances in
a changing world.
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Abstract

Global human population growth, limited space for settlements and a booming tourism industry have
led to a strong increase of human infrastructure in mountain regions. As this infrastructure is highly
exposed to natural hazards, a main role of mountain forests is to regulate the environment and reduce
hazard probability. However, canopy disturbances are increasing in many parts of the world,
potentially threatening the protection function of forests. Yet, large-scale quantitative evidence on the
influence of forest cover and disturbance on natural hazards remains scarce to date. Here we
quantified the effects of forest cover and disturbance on the probability and frequency of torrential
hazards for 10 885 watersheds in the Eastern Alps. Torrential hazard occurrences were derived from a
comprehensive database documenting 3768 individual debris flow and flood events between 1986 and
2018. Forest disturbances were mapped from Landsat satellite time series analysis. We found evidence
that forests reduce the probability of natural hazards, with a 25 percentage point increase in forest
cover decreasing the probability of torrential hazards by 8.7%= 1.2%. Canopy disturbances generally
increased the probability of torrential hazard events, with the regular occurrence of large disturbance
events being the most detrimental disturbance regime for natural hazards. Disturbances had a bigger
effect on debris flows than on flood events, and press disturbances were more detrimental than pulse
disturbances. We here present the first large scale quantification of forest cover and disturbance effects
on torrential hazards. Our findings highlight that forests constitute important green infrastructure in
mountain landscapes, efficiently reducing the probability of natural hazards, but that increasing forest
disturbances can weaken the protective function of forests.

Introduction

Global human population growth in combination
with an increasing demand for recreational activities
have led to a strong increase of human infrastructure
in some mountain regions around the globe (e.g. the
European Alps, the Northern Front Range of the
Rocky Mountains) (Casteller et al 2018). These settle-
ments and infrastructure are highly exposed to natural
hazards such as rockfall, avalanches, and torrential
hazards (i.e. debris flow and flooding). As a result,

global losses from these natural hazards increased by
almost 70% within the last 30 years (MunichRe 2019).
In the Eastern Alps, torrential hazards caused damages
of 877 million € (~1 billion US dollars) between 1972
and 2004, and 49 people lost their lives as a result of
such events (Oberndorfer et al 2007). This underlines
the strong need to protect humans and their infra-
structure from torrential hazards in mountain regions.

An important means to address the risk from nat-
ural hazards are technical measures, such as snow bar-
riers, rockfall nets, dams, and retention areas. Austria,

© 2019 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Map of the study area. The red areas mark the study area, whereas the grey parts indicate forest cover.

for example, currently directs more than 85% of the
resources used to combat natural hazards into the
construction and maintenance of such technical mea-
sures (BMNT 2018). However, it has long been estab-
lished that forests are efficient in providing protection
against natural hazards (Swanson et al 1998, Brang et al
2001). They contribute to slope stability in steep ter-
rain as their rooting systems reinforces and stabilizes
the soil (Amann et al 2009). Additionally, forests buf-
fer surface runoff during peak precipitation events
through canopy water interception and improved soil
infiltration, and are thus able to reduce soil erosion in
torrential watersheds (Sakals et al 2006).

In contrast to technical measures, forests are
dynamic systems that change over time. This means
that also the services they provide to society are not
static but vary over time (Wohlgemuth et al 2017,
Albrich et al 2018). Natural disturbances (i.e. large pul-
ses of tree mortality from natural causes such as wind-
throw events, wildfires, or bark beetle outbreaks)
are integral drivers of mountain forest dynamics
(Kulakowski et al 2017). Disturbances open up the for-
est canopy and decrease leaf area, substantially redu-
cing the protective function of forests (Thom and
Seidl 2016). Specifically, disturbances reduce the pro-
tective effects of forests by increasing precipitation
through-fall and surface water runoff, as well as by
decreasing the live root density in the soil. Also forest
management interventions such as timber harvesting
open up the forest canopy. However, as they are
applied deliberately to regenerate forests, they are fre-
quently seen as an important means to maintain the
long-term protective function of forests against nat-
ural hazards (Brang et al 2006, Streit et al 2009). Recent
quantitative studies indicated, however, that unma-
naged forests provide a higher level of protection
against natural hazards than managed forests (Irau-
schek et al 2017, Mina et al 2017, Seidl et al 2019). It
thus remains unclear how forest disturbances—both
natural and human—affect the occurrence probability
and frequency of torrential hazards.

The currently available evidence on the effects of
forest cover and disturbance on torrential hazard risk
largely stems from local case studies (Brardinoni et al
2003, Imaizumi et al 2008, Nyman et al 2015), and
large-scale investigations on the efficiency of forest
protection against natural hazards are largely missing
(but see Bradshaw et al 2007, Yin et al 2018). This
knowledge gap is problematic, as a push towards a bio-
based economy increases the pressure on forest eco-
systems, e.g. increasing harvest levels across Europe’s
forests (Levers et al 2014). Furthermore, natural dis-
turbances are intensifying across Europe (Seidl et al
2014, Senf et al 2018) as a result of past land use and
anthropogenic climate change. The ongoing large-
scale changes in forest disturbances call for an
assessment of their impacts on the protective effect
of forests, in order to provide robust recommenda-
tions to forest managers and political makers.

A major limitation for large-scale research on the
effects of forest disturbances on torrential hazards is
the lack of consistent large-scale data sets on both dis-
turbances and torrential hazard events. However,
recent efforts to systematically catalogue torrential
hazard events (Heiser et al 2019) and identify forest
disturbances using remote sensing data (Senf et al
2017) offer new avenues for quantitative analyses. We
here build upon these recent developments by quanti-
fying the effects of forest cover and canopy dis-
turbances on the probability of torrential hazards in
the Eastern Alps, jointly analyzing 31 years of dis-
turbance data and 3768 documented torrential hazard
events for 10 885 watersheds. Specifically, we address
three research questions:

L. Does forest cover reduce the probability and
frequency of torrential hazard events?

II. How do forest disturbances influence the prob-
ability and frequency of torrential hazard events?

I If forest disturbances influence the occurrence
probability and frequency of torrential hazards,
how does their effect differ with disturbance type?
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Data and methods

Study area

We focused our analysis on the Eastern Alps in
Austria (figure 1). The geology of the central parts of
the mountain range is dominated by crystalline
bedrock (i.e. granite and gneiss), whereas the north-
ern and the southern front ranges are characterized
by calcareous bedrock. Mean annual precipitation
varies greatly with elevation and location, and ranges
from 600 mm on the dry and warm eastern slopes
of the Alps to >2500 mm in high elevation areas
of the northern front range. Mean annual temper-
ature ranges from 11 °C in low-lying areas in the
east to below —5°C in areas above the timber
line in the center of the range (ZAMG 2019). Over
the entire study area, the mean annual temperature
between 1986 and 2018 was 7.3 °C, with an average
annual precipitation of 1098 mm (ZAMG 2019). In
total we analyzed 10 885 watersheds covering an area
of 4.8 million hectares, and spanning an elevational
gradient from 114 to 3725m a.s.l. The mean
watershed area is 437 ha (minimum of 4 ha and
maximum of 19 843 ha) and the mean elevation is
996 ma.s.l.

The mean forest cover of the investigated water-
sheds is 63%. The natural vegetation composition
changes along an elevational gradient. In elevations
<600 m a.s.l. forests are dominated by broadleaved
species (primarily European beech [Fagus sylvatica L.]
and oak species [Quercus ssp.]). In mid elevations
between 600 and 1200 m a.s.l. mixed broadleaved and
coniferous forests (dominated by European beech,
Norway spruce [Picea abies (L.) Karst.] and silver fir
[Abis alba Mill.]) form the natural vegetation. Forests
in elevations above 1200 m a.sl. are naturally conifer-
dominated (Norway spruce, European larch [Larix
decidua Mill.], and Swiss stone pine [Pinus cembra L.]).
The tree-line is generally situated between 1800 and
2200 m a.s.l. and is often characterized by a krumm-
holz belt of mountain pine [Pinus mugo Turra]. Forest
structure and species composition have been strongly
modified by forest management as most parts of the
study area have experienced intensive land use over
the past 300 years (Bebi et al 2017).

Disturbance data

We created disturbance maps at a spatial grain of 30 m
and at annual resolution for the period from 1986 to
2016 based on all available Collection 1 Level 1 surface
reflectance images from the USGS Landsat archive.
We employed state-of-the-art disturbance detection
algorithms (Kennedy et al 2010, Cohen et al 2018)
implemented in the Google Earth Engine cloud
computing platform (Gorelick et al 2017, Kennedy
et al 2018). The algorithm first builds annual best-
observation composites from all available Landsat
images. Subsequently, it segments each annual time
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series into linear segments of either stable, declining or
increasing vegetation conditions based on the indivi-
dual spectral bands and a series of spectral indices.
This segmentation is used to identify forest canopy
disturbances (see Kennedy et al 2010 for details) at the
level of an individual pixel. A random forest model
(Breiman 2001) is subsequently applied to classify each
pixel in any given year into disturbed or stable
conditions, filtering for the false positives frequently
occurring with automatic disturbance detection algo-
rithms (Cohen et al 2017). We calibrated and validated
the random forest models using 1828 pixel-based
reference data collected in a previous study (Senf et al
2018). Annual disturbance probabilities were aggre-
gated into a map indicating the year of the first
disturbance. The overall map accuracy was 90.5%
(<0.1% SE) with balanced errors of omission (19.6%,
SE 0.8%) and commission (19.3%, SE 0.8%).

Torrential hazard data

We define hazards according to IPCC (2012), describ-
ing physical events that have caused damages to
human infrastructure or livelihood. Torrential
hazards are hazards from ravines, creeks, rivers, and
streams in small, steep headwater catchments. Infor-
mation about torrential hazard events was extracted
from the Austrian torrential event catalogue (Hiibl
et al 2008). This database contains torrential events
that have caused damage to humans or human
infrastructure in small steep headwater catchments. In
addition, it provides shapefiles describing the
watershed outlines and the torrential event locations.
From 1986 to 2018, 3768 torrential hazard events were
recorded in 2018 watersheds, whereof 2646 were flood
events and 1122 were debris flow events. As reference
condition for our analysis we selected all watersheds
which did not experience any torrential events
between 1980 and 2018 (i.e. 8867 watersheds). We
here extended the time period in order to omit
watersheds that experienced a torrential event just
before 1986. Flood processes in steep headwater
catchments are characterized by variable sediment
transport rates with a volumetric concentration of
solid particles in water of up to 20% (ONR-
24800 2014). Coarser particles are transported as
bedload, moving much slower than the water stream.
In contrast, sediment concentrations of debris flow
events can exceed 40% (ONR-24800 2014), and
particles and water travel at the same velocity. While
differing in their constitutive features both debris flow
and flood events are triggered by heavy rainfall events
and are capable to relocate and deposit large amounts
of material from the slopes to the valley bottoms. This
frequently results in damaged roads and destroyed
houses.
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Table 1. Predictors for modeling the probability of torrential hazards. For the values and range of all predictors see supplement SI4.

Expected effect on
torrential
Domain Predictor Definition hazard probability Source
Geography Area Area of focal watershed in km? +
Elevation Mean elevation of watershed in ma.s.1. +
Infrastructure  Area share covered by urban infrastructure + Pflugmacher eral 2019
in focal watershed in %.
Ecoregion The ecoregion in which the majority of the Kilian et al 1994
focal watershed is situated
Geomorphology ~ Melton ratio Elevationyay — Elevationmy + Melton 1957
VArea
Elevationratio  1A€YatioNmax — Flevationyean + Wood and Snell 1960
Elevationy,,x — Elevationy;,
Elongation Diameter of a circle with area of watershed _ Schumm 1956
\/ length,,y of watershed
Circularity Area - Miller 1953
Area of a circle with circumference of watershed
Forest Forestcover  Forest cover of watershed in % - Pflugmacher etal 2019
Patchdensity ~ Number of forest patches per km? i.e. forest + Pflugmacher etal 2019
distribution in the watershed ranging from
contiguous to patchy
Disturbance Extent Forest canopy cover disturbed between 1986 and +
20161in %
Type Giniefficent([yearly disturbance extent ]) —
ExtentxType  Interaction between extentand type (see +
supplement SI 3)

Geographical and geomorphological watershed
attributes

We derived three geographical attributes for each
watershed from remote sensing products in order to
adjust for differences in extent, elevation and level of
human infrastructure exposed to natural hazards
(table 1, section Geographical). We expected larger
watersheds and watersheds with a high level of human
infrastructure to have a higher probability of being
affected by torrential hazards. The level of exposed
human infrastructure was approximated as the relative
proportion of urban areas within each watershed, based
on a 2015 land cover map with a spatial resolution of
30 m, created from Landsat satellite data (Pflugmacher
et al 2019). As precipitation increases with elevation in
our study area and torrential hazards are frequently
triggered by periods of heavy rainfall, we included
elevation to account for differences in exposure
between watersheds. Furthermore, to account for
climatic and geological differences among watersheds
we also controlled for the ecoregion (according to
Kilian et al 1994) in our analyses (see supplement SI 1
available online at stacks.iop.org/ERL/14/114032/
mmedia).

We described the geomorphological predisposition
of a watershed to torrential hazards based on indicators
which have been identified as influential in previous
studies (table 1, section Geomorphology). Heiser et al
(2015) analyzed 11 fluvial geomorphometric para-
meters with regard to their influence on torrential

processes. Based on their findings we selected the Mel-
ton ratio (Melton 1957) as well as the elevation relief
ratio (Wood and Snell 1960) as geomorphological pre-
dictors of torrential processes. In addition, we also
included circularity (Schumm 1956) and the elongation
ratio (Miller 1953) in our analysis to account for the
specific form of watersheds.

Forest- and disturbance-related watershed
attributes

To evaluate the role of forests and canopy disturbances
on the probability of torrential hazards we used four
indicators, i.e. forest cover, forest patch density,
disturbance extent and disturbance type (see table 1
section Forest). Forest cover was calculated as the
relative proportion of forested area within a watershed
in 2015 based on a 30 X 30m land cover map
(Pflugmacher et al 2019). As forest cover changes over
time we also tested how land-use change influences
our results (see supplement SI 2). Forest patch density
was derived by dividing the number of distinct forest
patches (using an eight-cell-neighborhood to identify
patches) by the total watershed area. The indicator
thus describes the distribution of the forest area within
the watershed, ranging from contiguous forest cover
to highly patchy forest cover.

Canopy disturbances occur as a result of timber
logging (clearcutting as well as thinning) or natural
forest disturbances (i.e. primarily windthrow and
insect infestation) in our study area. Since previous
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studies showed that the attribution of satellite-based
disturbance patches to different causes of canopy dis-
turbance remains challenging (Hicke et al 2012,
Kasischke et al 2013, Oeser et al 2017, Senf et al 2017),
we here jointly analyzed canopy disturbances from
both human and natural causes. Specifically, we calcu-
lated two indices describing the disturbance regime of
a watershed based on the annual disturbance maps
described above (Section Disturbance data), i.e. dis-
turbance extent and disturbance type (see supplement
SI 3). Disturbance extent describes the relative forest
area of a watershed affected by canopy disturbances
over the 31-year study period. Disturbance type
describes the temporal distribution of disturbances,
with pulse disturbances happening in a short period of
time and press disturbances being distributed regularly
over the study period (Bender et al 1984). To derive a
continuous indicator between the two poles of pulse
and press disturbance we calculated the Gini coeffi-
cient of the annual forest area affected by canopy dis-
turbances. A Gini coefficient of one indicates a pulse
disturbance regime signifying that the disturbance of a
watershed occurred in one year. A Gini index of zero
indicates a press disturbance regime signifying that
equal areas were disturbed every year between 1986
and 2016. High Gini values mean maximum inequal-
ity in the annually disturbed area and low values mean
minimum inequality in the annual area disturbed. In
addition to the ecological relevance of distinguishing
between pulse and press disturbances, disturbance
type also serves as a proxy for the dominant dis-
turbance agent in our study region. While human-
induced canopy disturbances (i.e. clearcutting and
thinning) are generally small but occur regularly (i.e.
press disturbance), natural disturbances are potentially
large but only happen rarely (i.e. pulse disturbance).
We a priori checked for correlation between forest
cover and disturbance extent/type. We found only a
weak correlation of Pearson’s r = 0.18 for disturbance
extent and Pearson’s r = —0.11 for disturbance type.
For an overview of the range of variability within the
data see supplement SI 4.

Statistical analysis

All analyses were conducted at the watershed scale. We
developed separate models for the occurrence and
frequency of debris flow and flooding. For modelling
the occurrence, we assumed a Bernoulli distribution,
where the occurrence probability p; in watershed i is
modeled by a linear combination of all predictor
variables X; (see table 1) using a logistic link function:

Occurence; ~ Bernoulli(p,)
p, = logit™(BX)). (1)

In equation (1), the vector 3 contains the direction
and strength of each predictors (see table 1) effect on
the probability of occurrence.

To model the frequency of torrential hazard
events we assumed a negative binomial distribution,
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predicting the count of events per watershed over the
study period. The mean g, is modeled by a linear com-
bination of all predictor variables X; using a log link
function to assure positive response values:

Count; ~ Negativebinomial(y;, ¢)

p; = log ™! (BX)). @
In equation (2) the parameter ¢ is a dispersion
parameter accounting for over-dispersion and is
estimated from the data.

We used Bayes’ rule to calculate posterior distribu-
tions of all model parameters (i.e. the intercept and
effect sizes contained in 3 as well as the dispersion
parameter ¢) from the model likelihoods and prior
parameter distributions assigned to each parameter.
After z-transforming the data, we used N (0, 0.5)
priors for 3 and an Exp(1) prior for ¢. Those priors
can be seen as weakly informative, regularizing priors
that prevent the model from overfitting the data. Joint
posterior distributions were sampled using Monte-
Carlo-Markow-Chain (MCMC) methods imple-
mented in the Software Stan (Carpenter et al 2017) via
the rstanarm package (Stan Development Team 2016).
We used four chains a 4000 iterations, with the first
2000 iterations dropped as warm-up samples. We
checked the convergence of the chains via the R statis-
tic (Gelman et al 2014a). The R statistic compares the
variability within and between chains and approaches
one if all four chains converge to a similar solution. We
further evaluated whether the model fitted the data
properly by performing posterior-predictive checks
(Gelman et al 2014a), that is drawing randomly from
the model and comparing the draws to the observed
data. If the model is well specified, there should be no
substantial deviation between model draws and
observed data (see supplement SI 5 and SI 6).

We fitted and compared different predictor com-
binations to test the importance of different predictor
domains (see table 1). First, we fitted a null model con-
taining only an intercept, assuming constant torrential
hazard probabilities across all watersheds. Subse-
quently, we successively included predictors of the
domains geography, geomorphology, forest and dis-
turbances, resulting in a total of five models with
increasing model complexity. We compared all five
models by estimating the approximate leave-one-out
expected log predictive density (LOO-ELPD; Vehtari
et al 2017). The LOO-ELDP is a relative measure of
model performance—similar to the Watanabe—
Akaike information criterion—but preferable in most
settings (Gelman et al 2014b). In essence, it estimates
the predictive accuracy of the model when confronted
with unknown data. Thus, a positive difference in
ELPD between two competing models implies a better
predictive performance of the second model. How-
ever, as the ELPD itself is uncertain, we assume a dif-
ference in ELPD to be only meaningful whenever it is
two standard deviations larger than zero.
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We finally summarized and compared the joint
posterior distributions from the full models of both
occurrence probability and frequency to gain insights
into the direction and strength of each covariate. We
further drew posterior predictive distributions for
fixed values of disturbance extent and type (holding
the watershed predictors constant), in order to further
investigate the effects of different disturbance regimes
on the occurrence probability and frequency of tor-
rential hazard events.

The data that support the findings of this study are
openly available at Sebald (2019):

https://doi.org/10.6084/m9.figshare.
9758891.v1

Results

In line with our expectations, the geographical
watershed characteristics were important for control-
ling for differences in watersheds across our study area
(large difference in ELPD compared to the null model;
table 2). Larger watersheds had a higher probability of
one or more torrential events occurring. Watersheds
in higher elevations had a higher occurrence prob-
ability and frequency of debris flow events, but a lower
occurrence probability and frequency of flood events.
The level of human infrastructure in a watershed had
no influence on the occurrence probability and
frequency of debris flows, but slightly decreased the
occurrence probability and frequency of flood events
(figure 2).

The Geomorphological characteristics were impor-
tant for predicting occurrence probability and fre-
quency of torrential events, substantially increasing
predictive performance (table 2). Melton ratio, circu-
larity and elevation ratio were positively related with
occurrence probability and frequency of both hazards.
Elongation was negatively correlated with flood
events, but had a slightly positive correlation with deb-
ris flow events (figure 2).

Forest-related predictors also had an important
effect on the occurrence and frequency of torrential
events (table 2). Forest cover was the predictor with
the strongest negative effect on occurrence probability
and frequency of both hazards (figure 2). Compared to
the average forest cover in the study area (i.e. 63%), an
increase by one standard deviation in forest cover
(i.e. to 88%) decreased torrential hazard probability by
8.7% =+ 1.2%. A higher patch density, representing a
distributed occurrence of forests over the watershed,
also reduced the occurrence probability and fre-
quency of torrential hazards. Compared to the aver-
age patch density (i.e. 6.5 forest patches per km?)
an increase by one standard deviation (i.e. to 12.5
forest patches per km?) decreased debris flow prob-
ability by -8.2% £ 1.8% and flood probability
by-5.7% =+ 1.2% (figure 2).
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Finally, also disturbances significantly influenced
the occurrence and frequency of torrential events
(table 2). Large disturbance extents increased the
probability of debris flow events but had no significant
effect on flood events. Furthermore, press type dis-
turbances (i.e. disturbances occurring regularly across
the study period) increased the probability of both
debris flow and flood events (figure 2). For debris flow,
the effect of disturbance extent was further modulated
by disturbance type (figure 3). Here, the highest prob-
ability of occurrence was observed in watersheds with
regular, large forest canopy disturbances. Given a
press disturbance regime (Gini = 0), the annual prob-
ability of a debris flow event increased from 0.18% to
0.60% (+248%) when moving from 10% of the forest
cover disturbed to 50% of the forest cover disturbed
within the 31-year study period. In contrast, the prob-
ability did only moderately increase (+42%) for the
same increase in disturbance extent under the average
disturbance type, and no change was found for pulse
disturbance regimes (Gini = 1, figure 3). A similar
signal could be observed for hazard frequency, where
the annual probability of two or more debris flow
events increased from 0.03% to 0.15% (+466%) when
moving from 10% of the forest cover disturbed to 50%
of the forest cover disturbed in 31 years under a press
disturbance regime (figure 4a). In contrast, there was
only weak evidence for an interaction between dis-
turbance extent and disturbance type for flood events
(figure 2). Probability of occurrence and frequency of
flood events were primarily influenced by disturbance
type, increasing with press-type disturbances. For
floods the annual probability of one event occurring
within the 31-year study period increased from 0.22%
to 0.40% (+83%), and the annual probability of two
or more events from 0.03% to 0.21% (+ 530%) when
moving from a pulse disturbance regime to a press dis-
turbance regime (figure 4b). Including an interaction
between disturbance type/extent and forest cover did
not improve model performance compared to a model
without this interaction (ELPD difference =+ standard
error for the debris flow model was 1.62 £+ 2.64 and
—0.75 & 1.37 for the flood model).

Discussion

We here for the first time quantified the effect of forest
cover and disturbance on natural hazards across a large
spatial domain, using a novel combination of remote
sensing data and a national scale database on natural
hazard events. Our findings highlight the importance of
forests for mitigating torrential hazards for humans and
their infrastructure. Across a wide social and ecological
gradient, we found that the occurrence probability and
frequency of torrential hazards was reduced with higher
shares of forest cover in a watershed. This resultis in line
with the process-based understanding of mechanisms
influencing the occurrence of torrential hazards,
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Figure 2. Posterior probability distribution of effect sizes for each predictor. The dashed line indicates no effect. Negative effects
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Figure 3. Predicted annual probability of occurrence for debris flow events based on the interaction between disturbance extent and
disturbance type. Disturbance extent describes the proportion of forest area that was affected by disturbances between 1986 and 2016
(i.e. over a 31-year period). Press, average and pulse disturbance types here correspond to Gini coefficients of 0, 0.7, and 1, respectively
(see table 1 for details). The data density is indicated by tick marks at the bottom of the panel. Note that the upper 1% of the data was
excluded to facilitate visualization.

derived from local case studies (Imaizumi et al 2008, determined by the availability of loose material on the
Moos et al 2016, Altieri et al 2018). Torrential events slopes as well as the transportation rate of streams.

occur through hydrological transport of soil and debris
from slopes, and their deposition in valley bottoms
which are frequently settled by humans in the Alps. The
amount of soil and debris that is deposited is

Forests reduce the availability of material for transport
as their root system stabilizes the soil and thus retains
material on slopes (Sakals et al 2006). Furthermore,
forests decrease stream transportation rates as their
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canopy intercepts precipitation. In addition, trees
transpire water and thus free up pore space in the soil. In
combination with improved soil water infiltration sur-
face runoff is reduced (Noguchi et al 2001) and runoff
peaks are dampened by forests, reducing sediment
transportation rates.

While forests generally reduce the probability of
natural hazards, this protective function can be wea-
kened by increasing canopy disturbances. Our results
provide clear evidence for a significant influence of for-
est canopy disturbances on the probability of torrential
hazards, which is in line with findings from local studies
(Roberts and Church 1986, Jakob 2000, Imaizumi et al
2008, Silins et al 2009, Buma and Johnson 2015). Dis-
turbances reduce canopy cover and—with a time lag of
a few years to decades—also rooting density in the soil,
thus leading to elevated transportation rates and
decreased soil stability. Disturbances also increase the
amount of loose soil material available for transport in
torrential events, e.g. via root plates of uprooted trees or
erosion from logging activity. However, based on our
analyses the extent of the detrimental effect of forest dis-
turbances varies with disturbance regime. We found
that regular canopy disturbances were more detri-
mental to the protection against torrential hazards than
singular disturbance events. This can be explained by
the fact that the risks from canopy disturbances are
greatest in the years immediately after a disturbance
event (Wohlgemuth et al 2017), and that both canopy
disturbances and the heavy rainfall events triggering
torrential hazards are rare. At low disturbance fre-
quency the likelihood of a heavy rainfall event occurring
immediately after a disturbance is also low. In contrast,
if canopy disturbances happen regularly in a watershed,
any heavy rainfall event will affect partly disturbed
areas. Regular canopy disturbances thus increase the
probability of torrential hazards, particularly if they
affect a large portion of the watershed (figure 3, 4). This
is of special relevance since there is growing evidence
that both the occurrence of heavy precipitation events
(IPCC 2012) and the frequency and extent of

disturbances (Seidl et al 2017, Senf et al 2018) is increas-
ing as a result of climate change.

Although our results are based on an exceptionally
large empirical dataset (10 885 watersheds in which 3768
torrential events were recorded over a period of 31 years)
and we combine these data with novel, comprehensive
maps of canopy disturbance, it is important to consider
the limitations of our materials and analyses. First, the
disturbance maps created for this study are not able to
capture sub-canopy disturbances (such as thinnings
from below) or disturbances happening at the sub-pixel
scale (i.e. <30 m horizontal grain). They thus give a con-
servative estimate of disturbance extent in our study
area. Furthermore, an attribution of disturbances to dif-
ferent disturbance agents (e.g. insect infestation, wind
breakage, logging etc) was not possible with our data and
remains a major methodological challenge for remote
sensing in Central Europe (Senf et al 2017). We cir-
cumvented this limitation by developing a novel indi-
cator of disturbance type (see supplement SI 3) based on
ecologically important disturbance characteristics
(press-pulse disturbance, Bender et al 1984). Such a cate-
gorization has recently been found to hold high infer-
ential potential e.g. in the assessment of disturbance
effects on a wide range of ecosystem services (Cantarello
et al 2017). Second, a limitation of the natural hazard
events database used here is that only events which have
caused actual damage to humans and/ or human infra-
structure are recorded. Although even small damages are
recorded (e.g. a minor amount of debris being deposited
on a road by a creek), our data (i) likely underestimate
the total amount of torrential events that occurred, and
(i) might be skewed towards watersheds with significant
levels of human infrastructure. We controlled for the lat-
ter by including a proxy of human infrastructure in our
analysis. However, watersheds with a high level of
human infrastructure frequently also have a higher level
of technical hazards mitigation measures, such as dams
and overflow basins. As such measures reduce the
damage caused by torrential hazards (Holub and
Hiibl 2008), they might introduce a bias in our analysis.
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This effect could explain the slightly negative correlation
of our infrastructure variable with occurrence prob-
ability and frequency of flood events (figure 2). Third, we
note that factors not considered here might influence the
probability and frequency of torrential hazards. Those
include, e.g. the frequency of high intensity rainfall
event, which was not considered explicitly in our analy-
sis. Further, the probability and frequency of torrential
hazard events might also be affected by differences in the
hydrological system, and in particular by differences in
technical measures of flood control (i.e. dams).

The large-scale evidence for a strong link between
forest cover, canopy disturbance and torrential hazards
provided here is of crucial importance for forest man-
agement. For instance, guidelines for the management of
protective forests in the Alps propose frequent, small-
scale logging interventions to increase structural diver-
sity and continuously regenerate the forest (Motta and
Haudemand 2000, Frehner et al 2005, Brang et al 2006).
However, our results suggest that forest management in
torrential watersheds should aim for as little interven-
tions as possible to keep the probability of torrential
hazards low. This insight is in line with recent
simulation-based studies across the Alps, finding that
non-intervention management is best able to provide
regulating ecosystem services and protect against natural
hazards (Irauschek et al 2017, Langner et al 2017, Mina
etal 2017, Seidl et al 2019). A major concern of managers
in this regard remains the thread of large-scale natural
disturbances (Wohlgemuth et al 2017). However, the
return intervals of such events are an order of magnitude
lower than those of regular management interventions
in the Eastern Alps (100-300 years and 10-30 years,
respectively, Thom et al 2013). And while natural dis-
turbances from wind and bark beetles can have strong
detrimental effects on the local protection function
against natural hazards (Badoux et al 2006, Brang et al
2006), our large-scale analysis revealed that their overall
impact remains limited due to their low frequency. Nat-
ural disturbances could, however, become more influen-
tial in the future, as they are widely expected to increase
in frequency and magnitude (Seidl et al 2017, 2014). In
conclusion our study provides important empirical evi-
dence for the efficiency of forests as green infrastructure
protecting against torrential hazards and highlights the
complex effects of canopy disturbances on forests and
the services they provide to society.
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Abstract

1. Single species forest systems often suffer from low resistance and resilience to per-

turbations. Consequently, fostering tree species diversity is discussed as an important
management approach to address the impacts of changing climate and disturbance

regimes. Yet, the effect of the spatial grain of tree species mixtures remains unknown.

. We asked whether increasing tree species diversity between stands (beta diversity)

has the same effect as increasing tree species diversity within stands (alpha diver-
sity) at similar overall levels of richness (gamma diversity). We conducted a multi-
model simulation experiment under climate change, applying two forest landscape
models (iLand and LandClim) across two contrasting landscapes of Central Europe.
We analysed the effect of different levels and configurations of diversity on the dis-

turbance impact and the temporal stability of biomass stocks and forest structure.

. In general, increasing levels of diversity decreased disturbance impacts. Positive

diversity effects increased with increasing severity of climate change. Beta di-
versity buffered disturbance impacts on landscape-level biomass stocks more
strongly than alpha diversity. The effects of the spatial configuration on forest
structure were more variable. Diversity effects on temporal stability were less
pronounced compared to disturbance impacts, and mixture within and between

stands had comparable effects on temporal stability.

. Diversity effects were context-dependent, with patterns varying between land-

scapes and indicators. Furthermore, we found a strong species identity effect, with
increasing diversity being particularly beneficial in conifer-dominated systems of
the European Alps. The two models agreed on the effects of different levels and

configurations of tree species diversity, underlining the robustness of our findings.

5. Synthesis and application. Enhancing tree species diversity can buffer forest eco-

systems against increasing levels of perturbation. Mixing tree species between
stands is at least as effective as mixing tree species within stands. Given the

managerial advantages of between-stand mixtures (e.g. reduced need to control
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spatial scales.

KEYWORDS

1 | INTRODUCTION

Global changeincreases the pressure on forest ecosystems through
changed environmental conditions, which, in turn, alter ecological
processes substantially (Trumbore et al., 2015). One of the most
climate-sensitive processes in forest ecosystems is disturbance
(Seidl et al., 2020; Sommerfeld et al., 2018). As a consequence, for-
ests that have developed under historic disturbance regimes may
change drastically in the future due to the emergence of novel dis-
turbance regimes (Turner, 2010). In addition, the societal demand
for ecosystem services changes at an accelerating pace, challeng-
ing ecosystem managers to adapt forests so that they are able to
deliver broad portfolios of ecosystem services. Given the high
uncertainty in future environmental conditions and societal de-
mands, fostering tree species diversity has been recommended as
a particularly suitable management approach (Griess et al., 2012;
Knoke et al., 2008; Neuner et al., 2015). Diverse forests facilitate
the provisioning of a wide range of ecosystem services (Gamfeldt
& Roger, 2017) and increase the resistance and resilience to chang-
ing disturbance regimes (Silva Pedro et al., 2015). Consequently,
increasing tree species diversity is frequently proposed as an im-
portant forest management strategy to ensure ecosystem service
provisioning and forest multi-functionality (Messier et al., 2015;
van der Plas et al., 2018).

Theory suggests that a high diversity of species varying in their
ecological responses leads to stable systems in a changing environ-
ment (Mori et al., 2013; Peterson et al., 1998). If the performance
of one tree species declines or even fails under a certain set of con-
ditions, other species with different traits better adapted to the
emerging environmental drivers will ensure ecosystem functioning.
In the face of increasing disturbances, for instance, diverse ecosys-
tems are more likely to include species that are resistant to a spe-
cific disturbance agent (insurance hypothesis; Yachi & Loreau, 1999).
Furthermore, trait diversity among different tree species determines
their ability to respond to changing climate and disturbance regimes.
Diverse traits increase the probability of a positive response to dis-
turbances, thereby enhancing the speed of recovery and thus ren-
dering the ecosystem more resilient (Mori et al., 2013).

Building on these theoretical considerations, a number of quan-
titative studies have shown that tree species diversity increases the
resistance of forest ecosystems to disturbances (see the reviews of
Jactel et al,, 2017; Knoke et al., 2008). In addition, there is mount-

ing evidence that diverse forests are often more resistant to climatic

resilience, species diversity

competition to maintain diversity, higher timber quality, lower logistic effort), we

conclude that forest management should consider enhancing diversity at multiple

beta diversity, biodiversity, climate change, disturbances, forest, forest management,

extremes such as drought (Grossiord, 2019; Lebourgeois et al., 2013;
Metz et al., 2016; Pretzsch et al., 2013). Furthermore, also the re-
silience to disturbances increases in diverse forests (Honkaniemi
et al., 2020; Silva Pedro et al., 2015).

While there is growing evidence for the benefits of diverse for-
ests in a changing world, the effects of the spatial grain of mixing
tree species have not yet been investigated systematically. Most
analyses to date focus on tree species diversity within forest stands,
that is, the smallest entity of forest management (in Europe typically
0.5-10 ha in size). While the effects of within-stand diversity (alpha
diversity) have been explored previously (e.g. del Rio et al., 2017,
Guyot et al., 2016; Huang et al., 2018; Rothe & Binkley, 2001), tree
species diversity between stands (beta diversity) has received rel-
atively little attention. Beta diversity has been identified as an im-
portant element of ecosystem functioning (Mori et al., 2018; Schuler
et al.,, 2017) and is a key element for the provisioning of multiple
ecosystem goods and services at the landscape scale (Van Der
Plas et al., 2016). Furthermore, landscape configuration is increas-
ingly recognized as an important element of ecosystem resilience
(Honkaniemi et al., 2020; Lamy et al., 2016). Also, evidence is mount-
ing that focusing forest management solely on alpha diversity might
not be sufficient for conserving biodiversity (Schall et al., 2018;
Schuler et al., 2019). In broader terms, the effect of the spatial grain
of tree species mixtures remains an unresolved issue in applied ecol-
ogy (Ammer, 2019).

In the context of ecosystem management, increasing diversity
between stands rather than within stands can have operational ad-
vantages: First, high levels of species diversity might be easier to
achieve between stands compared to within stands, since inter-
specific competition often leads to the dominance of one species
over the others in mixed stands (Larocque et al., 2013). Maintaining
high levels of tree species diversity within forest stands thus often
requires considerable regulatory actions by management (e.g. via
tending and thinning), which is labour-intensive and costly (Larocque
et al., 2013). Second, timber production in mixed stands can be com-
plicated by yielding many different assortments and a low amount
of timber per assortment, which is a drawback for timber logistics
and sales. Lastly, high-quality stemwood is often difficult to achieve
in stands of high alpha diversity (Howler et al., 2019; Zingg &
Ramp, 1997) while straight and self-pruned stems of low taper often
emerge naturally under intraspecific competition (Kint et al., 2010).

One reason for the scarcity of studies on diversity beyond the

stand scale is the inherent difficulty of systematic investigations at
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larger spatial scales. Field experiments that manipulate diversity at
different spatial scales in forests are often not feasible due to re-
source limitations resulting from the extended observation times
required by such experiments. Furthermore, studying diversity
effects requires replicated experiments that control for the influ-
ence of confounding factors, yet such experiments are well-nigh
impossible due to the inability to replicate real landscapes (Keane
et al., 2015; Phillips, 2007). Simulation models are an important tool
of scientific inquiry in this context, as they can extend the spatial
scope of field experiments to the landscape scale and efficiently im-
plement replicated large-scale experiments over extended time pe-
riods under otherwise fully controlled conditions (He, 2008; Scheller
& Mladenoff, 2007). Furthermore, computer simulation allows us to
investigate the effects of no-analogue future environmental condi-
tions, for example, in terms of novel climate and disturbance regimes
(Bugmann, 2014). Simulation-based studies are, however, inherently
limited by the uncertainties with regard to our quantitative under-
standing of ecological processes (Huber et al., 2020). An important
way to address these uncertainties is to apply multiple different
models under identical forcing, as multi-model studies give an indi-
cation of the process uncertainty in models and increase the robust-
ness of the model-derived inference (Bugmann et al., 2019; Petter
et al,, 2020; Valle et al., 2009).

Therefore, we conducted a simulation experiment applying two
well-established forest landscape models (i.e. iLand and LandClim)
in two contrasting forest landscapes of Central Europe, aiming to
study the effects of tree species diversity at different spatial scales
across a wide environmental gradient. Specifically, we investigated
whether the effects of tree species diversity vary with the spatial
grain at which species are mixed. We focused on the response of
above-ground forest biomass and the abundance of large trees (i.e.
the number of trees >30 cm dbh/ha), two indicators tightly linked
to ecosystem service supply in the two study regions. We evaluated
how diversity modulates the impact of different climate and distur-
bance scenarios on these indicators. We also investigated the tem-
poral stability in these indicators, as this aspect of ecosystem service
provisioning is gaining importance in practical forest management
(Albrich et al., 2018). Our overarching research questions were as
follows:

1. Does tree species diversity at the landscape scale (gamma
diversity) reduce disturbance impacts and increase the temporal
stability of biomass stocks and the abundance of large trees
under climate change in Central Europe? Based on theoretical
considerations (Yachi & Loreau, 1999, insurance hypothesis) and
previous research (del Rio et al., 2017; Jactel et al., 2017), we
expected a significant positive effect (i.e. lower impacts, higher
stability) of tree species diversity.

2. What is the effect of the spatial configuration of tree species
diversity, that is, is there a difference in disturbance impact and
temporal stability if tree species are mixed within stands (alpha
diversity) or between stands (beta diversity)? Here we tested

the Null hypothesis that for a given level of tree species diversity

the spatial configuration of the species on the landscape does
not matter. Alternatively, if local processes are the main driver
of positive diversity effects, we would expect alpha diversity to
yield higher positive effects than beta diversity at a given level of

gamma diversity.

2 | MATERIALS AND METHODS
2.1 | Study landscapes

To investigate the effects of tree species diversity across a wide
ecological gradient, we studied two contrasting forest landscapes in
Central Europe (Figure 1). The Rosalia landscape (1,231 ha, 47.70 N,
16.30 E) is located at the easternmost edge of the Alps in Austria
at the border of the Pannonic plains of central Eastern Europe. The
landforms are dominated by pre-alpine ridges running in north-south
direction with generally low topographic complexity and an eleva-
tion range from 374 to 728 m a.s.l. Historic mean annual tempera-
ture (1981-2010) decreases with elevation from 9.4 to 8.0°C, while
mean annual precipitation increases with elevation from 717 to
916 mm. The potential natural vegetation is dominated by European
beech (Fagus sylvatica L.) with silver fir (Abies alba Mill.) as admixed
species (Kilian et al., 1994). The Dischma landscape (924 ha, 46.78 N,
9.87 E) is located in Eastern Switzerland and represents a mountain
landscape of the Central Alps with harsh climate conditions and high
topographic complexity. Elevation ranges from 1,545 to 2,738 m
a.s.l. Historic mean annual temperature decreases from 4.4°C at low
elevations to —0.6°C at the natural treeline (located at approximately
2,300 m a.s.l. under historic climate, see Gehrig-Fasel et al., 2007),
with annual precipitation ranging from 1,074 to 1,297 mm. The po-
tential natural vegetation consists of subalpine forests (up to ap-
proximately 1,900 m a.s.l.) dominated by Norway spruce (Picea abies
(L.) Karst.), subalpine forests with Norway spruce and European
larch (Larix decidua L.), and Swiss stone pine (Pinus cembra L.) forests
at treeline (Schumacher et al., 2004). Both landscapes are dominated
by crystalline bedrock covered by cambisols of varying soil depth
and nutrient content. Both landscapes are approximately three or-
ders of magnitude larger than the average disturbance patch size
(1.09 ha, Senf & Seidl, 2021), and are thus large enough to be con-
sidered quasi-equilibrium landscapes in the context of disturbance

analysis (see Urban et al., 1987).

2.2 | Simulation models

We simultaneously employed two process-based forest landscape
models in our study, iLand and LandClim, to increase the robustness
of our results.

iLand (Seidl et al., 2012) was developed to study the dynamic
interactions between forest development, climate and disturbance,
and has been successfully applied to address a wide range of eco-

logical and management-oriented questions (e.g. Albrich et al., 2018;



4 Journal of Applied Ecology

SEBALD ET AL.

Dischma

| ] >2250m
[] 1,900-2,250 m

FIGURE 1 Map showing the location
of the two study landscapes Dischma
(CH) and Rosalia (AT), and their respective
elevation belts

Rosalia

| | >600m
[ <600 m

Germany

Czechia

Slovakia

Rosalia

Croatia
0 75 km

mpw/w

Seidl et al., 2019; Thom et al., 2017). iLand is a multi-scale model;
it simulates growth, competition and mortality at the level of indi-

vidual trees, primary production at the stand scale, and processes
like seed dispersal and disturbances at the landscape scale. iLand is
driven by daily climate data and forest structure is updated annually
(i.e. demographic processes and disturbances are simulated with an
annual time step).

LandClim (Schumacher et al., 2004, 2006) is a stochastic process-
based forest landscape model that operates at the grain of tree co-
horts, simulated at a spatial resolution of 25 x 25 m. LandClim has
been successfully applied in numerous studies in Europe and other
parts of the world, demonstrating the utility of the model to study
landscape dynamics under a wide range of environmental conditions
(e.g. Elkin et al., 2013; Temperli et al., 2013; Thrippleton et al., 2016).
LandClim is driven by monthly climate data and forest structure is
updated annually (even though tree regeneration and disturbances
are simulated with a decadal time step).

For a detailed comparison of LandClim and iLand including a de-
scription of the models using the ODD protocol (Grimm et al., 2006),
we refer to Petter et al. (2020). The models have been tested and
evaluated in the two landscapes in previous studies (Honkaniemi
et al., 2020; Petter et al., 2020). To ensure that the models are
able to capture the expected tree species dynamics for both land-

scapes (a crucial ability in the context of the current study), we ran

additional model tests comparing the simulated potential natural
vegetation from both models to expected values (see Appendix SI1
and Section 2.1 below). These tests showed good agreement of sim-
ulated successional patterns with expectations, indicating that both
models are well able to reproduce the competitive relationships be-
tween tree species across the wide ecological gradients covered by

the two study landscapes.

2.3 | Experimental design

We performed a factorial experiment of varying levels (n = 4) and
spatial configurations (n = 2) of tree species diversity with the two
models for both landscapes under different climate (n = 3) and dis-
turbance (n = 3) scenarios. The underlying premises of our experi-
mental design were (a) to simulate the exact same scenarios with
both models (which required the harmonization of some elements
of the design, for example, with regard to the different time steps
of iLand and LandClim, see also Petter et al., 2020) and (b) to focus
on the diversity effects of interest here while controlling for other
potential drivers of forest dynamics (e.g. legacy effects from past
disturbances and land use; Kulakowski et al., 2017). Specifically, we
initialized four levels of tree species diversity (gamma diversity) in

two spatial configurations (alpha and beta diversity), see Figure 2a.
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The grain for the spatial configurations was 100 x 100 m (hence-
forth referred to as a stand). For beta diversity, species were varied
between stands (with only one species occupying a stand), while for
alpha diversity species were mixed within a stand. Based on these
initial conditions of landscape composition and configuration, we
simulated 200 years of forest development under a common man-
agement regime. Furthermore, we exposed the simulated forest to
three prescribed sequences of disturbance under three climate sce-
narios (Figure 2c). Disturbance impacts were derived by comparing
landscape-scale response variables to simulations without distur-
bance (i.e. the reference runs). The individual elements of the study
design are described in detail below; Figure 2 provides a graphical

overview of our approach.

2.4 | Initialization

We initialized simulations with different levels of gamma diversity
in tree species: no diversity (initializing only the most productive
species over the entire landscape), low diversity (initializing only
species that obtain dominance in natural forest development) and
high diversity (initializing dominant and co-dominant species). The
level of dominance of each species in natural forest development
was determined by simulating forest succession from bare ground
over 2,000 years in both landscapes and with both models under
historic climate (see Appendix SI1). To account for changing species
dominance with elevation, both landscapes were divided into eleva-
tion belts: for the Dischma landscape, we considered three elevation
belts (1,545-1,899 m; 1,900-2,249 m; 2,250-2,738 m), while for the
Rosalia landscape two elevational belts (374-599 m; 600-728 m)

were distinguished (Figure 1). We defined dominant (co-dominant)
species as those reaching a proportion of at least 35% (3%) of total
biomass in a particular elevation belt at any point in time during suc-
cession (see Appendices SI1 and SI2). This ensured that both early
and late seral species were included in the design. As we expected
climate change to alter the species pool of both landscapes and shift
the competitive balance between species, we added a fourth gamma
diversity scenario, referred to as the high+ scenario. For this sce-
nario, we ran succession simulations also under climate change (see
details below) and again determined all species that reached a level
of at least 3% of total biomass. The initialization of the high+ sce-
nario was identical to the high diversity scenario, but in the course of
the simulation the species pool was extended by the additional spe-
cies that reached at least co-dominance in the succession runs under
climate change. The high+ scenario thus had the highest gamma di-
versity of all simulated diversity scenarios (see Appendix SI2).

All levels of gamma diversity were initialized in two spatial con-
figurations: alpha diversity and beta diversity. For the alpha diversity
configuration, all tree species from the species pool were mixed within
stands. For the beta diversity configuration, each of the 100 x 100 m
stands consisted of only one species, with species varying between
stands (see Figure 2). In total, we simulated seven combinations of
gamma diversity and spatial configuration in each landscape (3 levels
of gamma diversity x 2 spatial configurations +1 no diversity scenario).

The initial age of each stand was sampled with replacement from
a uniform distribution ranging from O to 100 years in the Rosalia
landscape and from O to 150 years in the Dischma landscape. These
values represent realistic rotation periods under current manage-
ment in the two landscapes. The resulting forest structure corre-

sponds to a ‘normal forest’ (Assmann, 1961), in which all stand ages
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are represented equally across the landscape. The effects of differ-
ent age class distributions were tested in a sensitivity analysis, and
the results were found to be robust to changes in age class distribu-
tion (Appendices SI9 and S110). Stand structure (i.e. stem density in
5 cm dbh classes, tree height and height-diameter-ratio) for specific
initialization ages was derived from model runs with iLand (i.e. the
structurally more detailed of the two models) for all species in all
stands of both landscapes.

2.5 | Forest management

Forest management was implemented in both models based on
a common set of rules, describing a rotation forestry system (e.g.
Bianchi et al.,, 2020). Simulated management interventions were
thinnings (removing 20% of basal area of a stand), clear-cutting and
planting. We assumed a rotation period R of 100 years in Rosalia and
150 years in Dischma, based on the different growing conditions in
both study landscapes. Thinnings were scheduled at R x 0.35 (i.e.
stand age 35 in Rosalia and stand age 53 in Dischma) and R x 0.55
(i.e. stand age 55 in Rosalia and stand age 83 in Dischma). After the
final cut at the end of the rotation period, each stand was replanted
with the species composition prescribed by the respective diversity
scenario. During a rotation period, species composition varied due to
the simulated growth dynamics of the models.

2.6 | Climate

We simulated each diversity scenario for 200 years under three
climate scenarios, representing a constant historic climate as well
as two contrasting climate change scenarios. The latter represent
moderate climate change (RCP4.5, see IPCC, 2014) with a peak of
CO, emissions around 2040, and a Business-As-Usual scenario with
increasing greenhouse gas emissions throughout the 21st century
(RCP8.5, see IPCC, 2014). Historic climate conditions were sampled
with replacement from past climate data (1981-2010) to obtain a
stationary 200-year climate record. Climate change scenarios fol-

lowed the trajectory of the respective RCP scenario for the first

100 years of the simulation period (representing climate develop-
ment throughout the 21st century). For the second 100-year period,
we assumed a hypothetical stabilization of climate, and randomly
sampled years from the period 2070 to 2099, an approach that is
often taken in long-term simulations of climate change impacts (e.g.

Elkin et al., 2013). For details on the climate scenarios, see Table 1.

2.7 | Disturbances

Disturbances were simulated in a two-step approach, granting a con-
sistent forcing between the two models while dynamically consid-
ering disturbance responses in the context of the simulated forest
state. In a first step, we created sequences of disturbance events by
sampling the size (patch area), location and timing of disturbances.
In a second step, disturbance severity (i.e. which trees died within
a disturbance perimeter) was determined dynamically within the
simulation models.

Each simulation run was driven by a different sequence of dis-
turbance events. Year of disturbance was sampled with replace-
ment from a uniform distribution ranging from 1 to 200 (i.e. the first
and last year of the simulation period, respectively). Disturbance
size was sampled from an empirically derived disturbance size
distribution representative for Central Europe (Senf et al., 2017,
see Appendix SI3). The location of each disturbance patch was
selected randomly on the landscape, and the spatial grain of dis-
turbance was 1 ha, thus matching the resolution of the simulated
stands (see Section 2.4 above). We simulated three disturbance
scenarios: historic disturbance, future disturbance and no distur-
bance. The three scenarios differed in disturbance frequency, as
determined by the disturbance rotation period (i.e. the average
time it takes for the cumulative area of disturbance to reach the
size of the study landscape), which was set to 400 years in the
historic disturbance scenario (Cada et al., 2016; Thom et al., 2013),
and to 200 years in the future disturbance scenario (Schumacher
& Bugmann, 2006). This implies that in the future disturbance sce-
nario twice as many disturbance events occurred compared to the
historic disturbance scenario, which is within the range of expec-

tations for Central European forest ecosystems (Schumacher &

TABLE 1 Mean annual precipitation, temperature and CO, concentration for both study landscapes (Dischma, Rosalia) and the three

climate scenarios investigated (historic, RCP4.5, RCP8.5)

Study landscape Rosalia

Dischma

Historic

Climate scenario (1981-2010) RCP4.5 (2070-2099)

GCM-RCM combination - EC-EARTH and

KNMI-RACMO22E

Mean annual temperature  8.51 10.40 (+1.89)
[°C]

Mean annual 810
precipitation [mm]

CO, concentration [ppm] 369 537

883 (+73)

RCP8.5 (2070-2099)

RCP4.5
(2070-2099)

RCP8.5
(2070-2099)

Historic
(1981-2010)

EC-EARTH and - HadGEM2-ES HadGEM2-ES
KNMI-RACMO22E
12.13 (+3.62) 1.69 5.36 (+3.67) 8.02 (+6.33)
835 (+25) 1,179 1,130 (-49) 1,012 (-167)
369 537 927
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Bugmann, 2006; Thom et al., 2013). The effect of different distur-
bance rotation periods was investigated in a sensitivity analysis,
which showed that main patterns were robust to changes in dis-
turbance rotations (Appendix SI8). Each scenario was replicated
20 times to account for the stochastic variability in the timing,
location and size of disturbances. For each replication, we gen-
erated a unique sequence of disturbance events that was used in
both models. This approach ensured that both iLand and LandClim
simulated the same disturbance patches in the same year and lo-
cation. Our simulations thus solely focus on disturbance responses
rather than on future projections of disturbance activity.

Disturbance severity (i.e. the number of trees killed within a
disturbance perimeter) was contingent on the simulated vegetation
state in the different diversity scenarios considered. Specifically,
we employed the empirically derived disturbance impact model of
Schmidt et al. (2010), which quantifies the susceptibility of Central
European forests to storm events (i.e. the most important agent of
natural disturbance in Europe's forests; Schelhaas et al., 2003; Seidl
et al., 2014). The model (see Appendix Sl4) predicts probability of
tree mortality dependent on tree species and tree height. Simulated
disturbance impacts thus reflect emergent differences in suscep-
tibility (as determined by the development of vegetation structure
and composition) in the different scenarios. The effect of different
disturbance impact models is shown in Appendix SI12.

In total, 5,040 simulation runs with a duration of 200 years were
conducted (2 models x 2 landscapes x [3 levels of gamma diver-
sity x 2 spatial configurations +1 x no diversity] x 3 climate scenar-

ios x 3 disturbance scenarios x 20 replicates).

2.8 | Analyses

We quantified the effects of tree species diversity under differ-
ent climate and disturbance regimes on two response variables for
both disturbance impact and temporal variation. The two response
variables were above-ground biomass (t/ha) and the average num-
ber of trees >30 cm dbh/ha. Biomass was selected because it is a
widely used variable for quantifying disturbance effects in ecosys-
tems, integrating over disturbance impact and recovery (Temperli
et al., 2013). Furthermore, forest biomass stocks are closely related
to important ecosystem services such as timber production and car-
bon storage (Mina et al., 2017). The number of large trees is an in-
dicator of forest structure. It was selected because the presence of
large trees is a characteristic feature of current forest ecosystems in
Central Europe (Albrich et al., 2020), yet future projections suggest
a shift towards smaller trees (McDowell et al., 2020). Furthermore,
large trees are also important in the context of the provisioning of
regulating services that are of particular relevance in mountain eco-
systems (Frehner et al., 2005). Disturbance impact was quantified
as relative (biomass) or absolute (forest structure) difference to the
corresponding no disturbance run (i.e. the run with the same climate,
spatial configuration and gamma diversity level, without distur-

bances; see Figure 2 and Equations 1 and 2). Temporal variation was

quantified by calculating the coefficient of variation of the response
variables (i.e. biomass t/ha and trees >30 cm dbh/ha) over the 200-

year simulation period in 20 time steps.

bi ; t/h
biomass impact (%) = <1 - .Iomassd'““'bed[ /hal > x 100, (1)
blomassindisturbed [t/ha]
structural impact (trees > 30 cm dbh/ha) =
tr-eedisturbed [n/ha] _treesundisturbed[n/ha]' (2)

To test for differences in species dominance between the two spa-
tial configurations of tree diversity, we also calculated the realized
gamma diversity of the landscape at the end of the simulation period
(i.e. simulation year 200). Realized gamma diversity was expressed as
the exponent of the Shannon Entropy over the biomass of all species
(i.e. effective number of species; see Jost, 2006), with a theoretical
maximum equal to the size of the species pool if all species are rep-
resented equally on the landscape. All data analysis and visualization
were accomplished with R version 4.0.2 (R Core Team, 2020).

3 | RESULTS
3.1 | Realized gamma diversity

As expected, the realized gamma diversity emerging from the simu-
lations was lower than the theoretical maximum in most diversity
scenarios and spatial configurations (Figure 3). In the scenario high+,
realized gamma diversity at the end of the 200-year simulation period
reached on average 84% (Figure 3a,c) and 92% (Figure 3b,d) of the
theoretical maximum in Dischma (under RCP8.5) and Rosalia (under
historic climate), respectively. The qualitative differences between
the four diversity scenarios were well reflected in the realized gamma
diversity. The effective number of species ranged from 1 in the no
diversity scenarios to 8.9 in the high+ scenarios of the high-elevation
Dischma landscape under climate change (scenario RCP8.5). Climate
change strongly increased realized gamma diversity in Dischma
(Figure 3a,c), but slightly decreased realized gamma diversity in Rosalia
(Figure 3b,d). We found no notable differences in realized gamma di-
versity between the two spatial configurations (alpha and beta) and
the three disturbances scenarios (no disturbance, historic disturbance
and future disturbance). Both models were able to maintain high lev-
els of species diversity over the full 200-year simulation period and
agreed well on the patterns of realized diversity.

3.2 | Effects of tree species diversity on
disturbance impacts

Increasing tree species diversity at the landscape scale (gamma di-
versity) generally reduced disturbance impact for both indicators in-
vestigated (biomass, structure; Figure 4). A notable exception to this

pattern was the Rosalia landscape, where lowest disturbance impacts
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FIGURE 3 Realized gamma diversity (i.e. effective number of species at the landscape level) in the different diversity scenarios after
200 years of simulation. Results are shown for the two study landscapes (columns) and the two models (rows) under the three climate
scenarios (colours) investigated. Data points show mean values over the three disturbance scenarios (no disturbance, historic disturbance
and future disturbance), two spatial arrangements and 20 replicates. Error bars show the range of the data. The effective number of
species was calculated as the exponent of Shannon Entropy based on biomass shares, which reaches a theoretical maximum at an equal
representation of all species from the species pool on the landscape (indicated by the dashed line and shaded bars)
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were simulated for the no diversity scenario (representing pure beech
forests over the entire landscape) compared to the scenarios of higher
species diversity (Figure 4). Disturbance impacts were generally more
pronounced in the conifer-dominated Dischma landscape compared to
the broadleaved-dominated Rosalia landscape. Overall, climate change

amplified the positive effect of increasing diversity in both landscapes

(Figure 4). Furthermore, we found that the effect of spatial configura-
tion was context-dependent, with patterns varying between landscapes
and indicators. Biomass impacts were generally lower when species were
mixed between stands (beta scenario). Conversely, disturbance impacts
on forest structure were lower in the alpha scenario in Dischma, and did

not differ between configuration scenarios in Rosalia (Figure 4).
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3.3 | Effects of tree species diversity on
temporal variation

The temporal variation in biomass stocks and forest structure gen-
erally increased with increasing intensity of climate change in both
landscapes (Figure 5). The role of tree species diversity on temporal
variation was strongly context-dependent: For biomass stocks, the
low and no diversity scenario were most stable under historic climate

while under future climate scenarios of higher tree species diversity
were more stable. Forest structure was generally more variable in
simulations under the low diversity scenario compared to scenarios
with higher gamma diversity. Overall, however, differences between
gamma diversity scenarios were small relative to the variation within
each scenario. Furthermore, we did not detect differences in the
simulated temporal variation between the two spatial configurations
(i.e. alpha and beta diversity; see Appendix SI5).
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FIGURE 5 Temporal variation, expressed as the coefficient of variation over time in biomass stocks (top) and forest structure (bottom)
under three different climate scenarios and four levels of gamma diversity. The bars show mean values, with the whiskers indicating the
range over two models (iLand and LandClim), two spatial configurations (alpha and beta), three disturbance scenarios (no disturbance,
400-year disturbance rotation and 200-year disturbance rotation) and 20 replicates. Temporal variation was calculated over the 200-
year simulation period in 10-year time steps. We did not detect differences in the simulated temporal variation between the two spatial
configurations (i.e. alpha and beta diversity), which is why they are pooled together here (see Appendix SI5). Individual results for the two
simulation models are found in the Supplementary Information (Appendix S17)
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3.4 | Model effects

iLand and LandClim were mostly consistent in their projections of
the effects of gamma diversity and spatial configuration (alpha and
beta scenarios, Figure 6). They agreed on biomass impacts gen-
erally decreasing with increasing gamma diversity. Furthermore,
both models were consistent in simulating lower disturbance im-
pacts on biomass stocks under beta mixtures compared to alpha
mixtures.

We did, however, also detect differences between the two mod-
els (Appendices Sl6 and SI7). iLand generally simulated a denser for-
est structure (trees >30 cm dbh/ha) and thus higher biomass stocks.
Consequently, also disturbance impacts were more pronounced
in iLand compared to LandClim for both indicators investigated.
Furthermore, model differences were generally greater for forest
structure than biomass stocks: While disturbances decreased the
number of trees >30 cm dbh/ha in iLand, their numbers even in-
creased slightly under some scenarios in LandClim (Appendix S16).
Temporal variation of biomass stocks and forest structure increased
with climate change and decreased with species diversity, consis-
tently across both models. However, buffering effects of species di-

versity were more pronounced in LandClim compared to iLand.

4 | DISCUSSION

4.1 | Increasing tree species diversity at different
spatial scales

We found evidence that higher levels of tree species diversity can
reduce disturbance impacts on biomass stocks and forest structure
in two contrasting forest landscapes of Central Europe, representing
broadleaved-dominated lowland ecosystems and conifer-dominated
mountain ecosystems. Our results thus generally confirm our first
hypothesis of positive biodiversity effects on forest ecosystems
under changing climate and disturbance regimes, and are in line
with previous research (Griess et al., 2012; Jactel et al., 2017; Knoke
et al., 2008; Silva Pedro et al., 2015). However, we went one step
beyond previous studies by testing whether the spatial grain of mix-
ing modulates diversity effects (see also Griess & Knoke, 2013 for an
economic investigation). Our results indicate that positive diversity
effects arise irrespective of whether species are mixed within or be-
tween stands, in line with our null hypothesis regarding the influ-
ence of spatial configuration. However, our analyses also highlight
that diversity effects are strongly context-specific, and differ with
study landscape and response variable. With regard to the impacts
of disturbances on biomass stock, for instance, we found that spe-
cies mixtures between stands (beta scenario) are more resistant
than simulations in which species are mixed within a stand (alpha
scenario), especially in the conifer-dominated Dischma landscape.
This finding is consistent with a previous analysis investigating the
effects of landscape configuration and composition on the resilience

of Norway spruce (Honkaniemi et al., 2020).

Animportant insight from our analysis is the strong effect of spe-
cies identity on diversity effects, that is, the effect being strongly
contingent on the presence of certain species and their partic-
ular traits (see also Blasko et al., 2020; De Wandeler et al., 2018;
Hantsch et al., 2013; Schwarz et al., 2015). In our simulations, the
effects of diversity differed considerably depending on the species
being present in the local species pool. In Dischma, for instance, the
species serving as baseline in the ‘no diversity’ scenario is Norway
spruce, which is more susceptible to disturbance compared to other
species of the species pool (Schmidt et al., 2010). Thus, enhancing
species diversity with, for example, European larch and Silver birch
resulted in a considerable reduction of disturbance impacts on the
landscape (Figure 4). In contrast, the tree species simulated in the
‘no diversity’ scenario in Rosalia is European beech, which is more
resistant to disturbance than most of the naturally co-occurring
species (Schmidt et al., 2010). Here, adding species such as Silver fir
and Norway spruce to the mix increased disturbance impacts. Our
results therefore underline that species identity is a key element in
determining the interactions between forest composition and the
disturbance regime of a given landscape. Specifically, we found that
species identity effects can reverse the patterns expected under the
insurance hypothesis (Yachi & Loreau, 1999).

In addition to identity effects and the resulting differences be-
tween landscapes, we also found differences in the response to
the spatial configuration between the two indicators studied. For
biomass stocks, increasing beta diversity had consistently stronger
positive effects than increasing alpha diversity while the effect of in-
creasing gamma diversity was moderately positive. For forest struc-
ture (i.e. trees >30 cm in dbh/ha), the effect of increasing gamma
diversity was more pronounced, yet effects of spatial configuration
differed between the two landscapes. In Dischma, the prevalence
of large trees was less affected by disturbances in within-stand
mixtures of species (alpha scenario) under climate change while in
Rosalia both the alpha and beta scenario performed similarly under
all climate scenarios. This suggests that especially under the high-
elevation conditions of Dischma, increasing resource availability
for tree growth linked to climate change (e.g. resulting from longer
growing seasons, cf. Delbart et al., 2008; Menzel et al., 2006) can
be utilized better when tree species are mixed within a stand (com-
plementary resource use, Larocque et al., 2013; Morin et al., 2018).
Overall, the differences between indicators highlight that diver-
sity effects are strongly contingent on the functions and services
under consideration, suggesting that there is no universally best
mixture, and that the social-ecological context is a matter of central
importance.

Temporal variation of biomass stocks and forest structure gener-
ally increased with increasing intensity of climate change. We found
that single species systems of the currently most productive spe-
cies (i.e. Norway Spruce in Dischma and European beech in Rosalia)
had highly stable biomass stocks under historic climate conditions.
Under severe climate change, however, these were the most volatile
systems, suggesting that forest dynamics could become significantly
more variable in the future (McDowell et al., 2020; Seidl et al., 2017;
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Sommerfeld et al., 2018). However, temporal variation of biomass
stocks and forest structure also increased in response to climate
change in scenarios of higher tree species diversity, suggesting that
increasing tree species alone will not be enough to buffer Central

European forests from the impacts of climate change.

4.2 | Methodological considerations

We conducted a simulation experiment investigating the effects
of alpha, beta and gamma diversity on disturbance impacts and
temporal variation of biomass stocks and forest structure. Using
models, we were able to study spatiotemporal scales that are be-
yond the realm of experimental research. A novelty of our analysis
is that it is based not on one but on two well-established forest
landscape models (Keane et al., 2015). Multi-model inference is fre-
quently used in other fields of science (Eyring et al., 2007; Tebaldi
& Knutti, 2007), and is increasingly applied in ecology (McDowell
et al., 2013; Renwick et al., 2018; Reyer et al., 2017). However, in
ecological studies, multi-model analyses have to date largely fo-
cused on methodological questions (e.g. Bugmann et al., 2019; Ichii
et al., 2010) while questions of applied ecology are commonly ad-
dressed only with a single model. We emphasize that using multi-
ple models also in the context of applied questions considerably
increases the robustness of the management implications deduced
from such studies (see below). The consistency in the general pat-
terns and effects between iLand and LandClim suggests that our
results are robust, and that model-specific uncertainties are not im-
peding the general conclusions of our study.

We nonetheless identified differences between the two mod-
els, particularly with regard to disturbance impacts on both biomass
stocks and forest structure, which were generally stronger in iLand
than in LandClim. These differences can mostly be attributed to dif-
ferent spatial (iLand: individual tree, LandClim: tree cohort) and tem-
poral (iLand: year, LandClim: decade) resolutions of the two models,
resulting in different simulations of disturbance impacts. Specifically,
for the predominantly moderate disturbance severities simulated
here, in LandClim forest attributes recover faster thaniniLand, as tree
regeneration is assumed to completely recolonize a disturbed patch
within the first 10-year time step after disturbance if seed trees are
nearby (Schumacher et al., 2004). In contrast, regeneration processes
in iLand are simulated at finer temporal and spatial grain, which re-
sults in slower regeneration trajectories and larger biomass impacts
of disturbances. Overall, however, the results were remarkably con-
sistent between the two models, especially when taking into account
the strong differences in model architecture (Petter et al., 2020).

While we emphasize that multi-model inference is an important
way to quantify model uncertainties (Keane et al., 2015), such an
approach has shortcomings as well. Multi-model inference neces-
sarily requires that driver data are harmonized between the models,
which can result in simplified simulation designs. An example in the
current study is the implementation of natural disturbance. While

both models include dynamic modules of natural disturbances,

their differences in process representation were deemed too large
to warrant a meaningful comparison. In other words, if forced with
their respective dynamic disturbance modules, the inference on
our main research questions (how diversity modulates the effects
of disturbances on forest biomass and structure) would have likely
been masked strongly or even rendered impossible by the differing
disturbance trajectories in the models. This element was controlled
by the simplified and standardized implementation of wind distur-
bances in the current application. As a consequence, however, our
analysis disregards other, potentially important aspects of the dis-
turbance regime such as other disturbance agents (e.g. biotic dis-
turbances, Kautz et al., 2018), disturbance interactions (Temperli
et al., 2013) and edge effects (Mezei et al., 2014). As our approach
excludes processes of spatial spread (e.g. of bark beetle populations,
Kautz et al., 2011), our finding on the positive effects of fostering
beta diversity are likely conservative, as landscape configuration can
strongly reduce the spread of biotic disturbance agents (Honkaniemi
et al., 2020). Future work could further investigate effects of tree
species diversity and configuration using fully dynamic disturbance
simulations and considering multiple disturbance agents.

Another important limitation of our study lies in its fixed grain
(100 x 100 m) and categorical representation of alpha and beta di-
versity. While we were able to show that beta diversity can reduce
disturbance impacts, we cannot determine at which spatial grain
beta diversity effects are optimized. We a priori chose a grain of
1 ha, corresponding roughly to the average stand size and median
disturbance patch size in Central Europe (Senf et al., 2017). Future
work could analyse the effects of beta diversity over varying stand
sizes, to, for example, determine the maximum stand size for which a
landscape still benefits from increased beta diversity. Furthermore,
to increase contrasts, we assumed minimal alpha diversity in our
beta diversity scenario. In reality, alpha and beta diversity do, how-
ever, exist on a continuum, and future analyses could quantify po-

tential trade-offs along this continuum explicitly.

4.3 | Implications for forest management

Our results have important implications for forest ecosystem man-
agement. We showed that mixing tree species between stands
(i.e. fostering beta diversity) can be as effective or even more
effective in buffering disturbance impacts under climate change
than mixing tree species within a stand (i.e. focusing on alpha di-
versity). This finding opens up opportunities for forest managers
to extend the spatial scope of fostering tree species diversity from
the stand to the landscape scale, potentially capitalizing on the
many other advantages of beta diversity for ecosystem service
provisioning (Blattert et al., 2018; Schall et al., 2018; van der Plas
et al., 2018). Our results are thus in line with growing evidence
on the importance of beta diversity in ecosystem management
(Blattert et al., 2018; Mori et al., 2018; Schall et al., 2018). Moving
the focus from mixtures within stands to mixtures between

stands could also have many operational advantages for forest
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management, as it may reduce the efforts needed to regulate
competition between species, improve stem quality and simplify
harvesting logistics.

However, our results also document that diversity effects vary
with context and indicator, underlining that fostering beta diversity
is no silver-bullet solution. Enhancing tree species diversity may not
be enough to meet the multiple threats of global change on forests
(McDowell et al., 2020), and may need to be accompanied by addi-
tional measures such as increasing resistance through improved thin-
ning and reduced rotation periods (Zimova et al., 2020) or increasing
resilience through advance regeneration (Johnstone et al., 2016) and
enhanced structural diversity (Millar et al., 2007). Nonetheless, fos-
tering tree species diversity across spatial scales is a powerful means
to buffer the impacts of changing climate and disturbance regimes,
and should thus be considered as a powerful tool in the adaptation

toolbox of forest ecosystem managers.
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