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  “I like to think of the tree itself: first the close dry sensation of being wood; then the grinding of 

the storm; then the slow, delicious ooze of sap. I like to think of it, too, on winter’s nights standing 

in the empty field with all leaves close-furled, nothing tender exposed to the iron bullets of the 

moon, a naked mast upon an earth that goes tumbling, tumbling, all night long. The song of birds 

must sound very loud and strange in June; and how cold the feet of insects must feel upon it, as 

they make laborious progresses up the creases of the bark, or sun themselves upon the thin green 

awning of the leaves, and look straight in front of them with diamond-cut red eyes..... (...) One by 

one the fibres snap beneath the immense cold pressure of the earth, then the last storm comes 

and, falling, the highest branches drive deep into the ground again. Even so, life isn’t done with; 

there are a million patient, watchful lives still for a tree, all over the world, in bedrooms, in ships, 

on the pavement, lining rooms, where men and women sit after tea, smoking cigarettes. It is full 

of peaceful thoughts, happy thoughts, this tree.” 

Virginia Woolf, The Mark on the Wall 
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PREFACE 

This thesis synthesises three separate journal articles as a cumulative dissertation. A detailed 

description of all analysis and results can be found in the original articles, provided in the 

Appendix 8.1 to 8.3. Differences in the formatting of the articles are due to the requirements 

of the scientific journals. 

 

Paper 1: Irauschek F, Barka I, Bugmann H, Courbaud B, Elkin C, Hlásny T, Klopcic T, 

Mina M, Rammer W, Lexer MJ (2020) Evaluating five forest models using 

multi-decadal inventory data from mountain forests. Ecological Modelling 

(accepted Manuscript) 

Paper 2:  Irauschek F, Rammer W, Lexer MJ (2017) Can current management maintain  

  forest landscape multifunctionality in the Eastern Alps in Austria under  

  climate change? Regional Environmental Change 17:33–48.    

  http://doi.org/10.1007/s10113-015-0908-9 

Paper 3:  Irauschek F, Rammer W, Lexer MJ (2017) Evaluating multifunctionality and  

  adaptive capacity of mountain forest management alternatives under climate 

  change in the Eastern Alps. European Journal of Forest Research 136:1051– 

  1069. http://doi.org/10.1007/s10342-017-1051-6 

 

 

I finalized this thesis in a time of lockdown due to the COVID-19 pandemic. A crisis that made 

people think about the unity and interconnectedness of people living in this world and the 

fragility of our existence. Nobody can tell yet how long this crisis will last. However, I am 

confident that it will eventually be overcome by motivated scientists, who are currently 

conceptualizing solutions around the world and will finally succeed. I think one of the 

strengths of humanity is to develop new ideas by using our imagination. We can sit on a 

couch, staring at the wall and travel through the life of a tree, just as Virginia Woolf wrote in 

her inspiring and dreamy short story "A mark on the wall".  
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ABSTRACT 

Mountain forests provide essential goods and services for our society. However, climate 

change impacts and changing demands question the currently practiced management 

strategies. Adaptive forest management aims for actions to avoid negative consequences 

from expected climatic conditions and take advantage of the anticipated changes in the 

ecosystem. The goal of this study was to assess the effects of mountain forest management 

strategies under climate change, with particular focus on detailed, spatially explicit 

management plans and analyses of effects on ecosystem services at different spatial scales. 

The main methodological tool was the forest ecosystem model PICUS v1.5. To assess the 

validity of the model outputs, it was tested against inventory data and compared against four 

other ecosystem models in a case study in the Dinaric Mountains, in Slovenia. PICUS was then 

applied in a second case study in the Eastern Alps, Austria to evaluate current management 

practices and eight adaptive management alternatives. The simulations included different 

cutting patterns (patch-, slit- and strip-cuts), harvest intensities, artificial regeneration and 

sanitary management under six climate scenarios. Outcomes for the catchment were 

analyzed for the ecosystem services timber production, carbon sequestration, nature 

conservation and protection against gravitational hazards (rockfall, erosion and snow 

avalanche release).  

Results for the model evaluation demonstrated a good performance of PICUS and other 

individual tree-based models in simulating complex mountain forest ecosystems under 

management. Results from the studies analyzing currently applied and adaptive management 

in the application study showed that none of the alternatives was best regarding all 

ecosystem services. Patch-cut regimes at low intensity level appeared as a well-suited 

strategy to maintain landscape multifunctionality. Disturbances by the spruce bark beetle 

pose a major threat to the stability of the spruce-dominated forests in the future. To 

strengthen the resilience of the forests, increased forest management intensities 

accompanied by game management activities are required to foster the establishment of 

other tree species. The occurring trade-offs between ecosystem services demonstrated the 

potential for targeted planning processes, especially for protection against gravitational 

hazards and nature conservation areas. A common understanding of ecological processes and 

the possibilities of their modification through management is vital to adapt mountain forests 

for the challenges from climate change and complex demands from society.  
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KURZFASSUNG 

Bergwälder sind naturnahe Ökosysteme die unsere Gesellschaft mit wichtigen Gütern 

versorgen und essentielle Funktionen erfüllen. Die derzeitigen Bewirtschaftungskonzepte 

werden jedoch durch den Klimawandel und sich ändernde gesellschaftliche Interessen in 

Frage gestellt. Die adaptive Waldbewirtschaftung zielt darauf ab Maßnahmen zu setzen, um 

negative Auswirkungen des Klimawandels zu verhindern und positive Effekte im Ökosystem 

zu nutzen.  

Ziel dieser Dissertation war, die Auswirkungen von Bewirtschaftungskonzepten in 

Bergwäldern unter Berücksichtigung des Klimawandels zu analysieren. Dabei wurde der Fokus 

auf eine räumlich explizite Nutzungsplanung gesetzt und die Veränderung von 

Ökosystemleistungen auf verschiedenen räumlichen Skalenebenen analysiert. Methodisch 

basierte die Studie auf der Anwendung des Waldökosystemmodells PICUS v1.5. Um die 

Qualität der Simulationsergebnisse zu testen, wurde das Model in einer Studie zusammen mit 

vier anderen Simulationsmodellen mit historischen Waldinventurdaten in Slowenien 

evaluiert. In einer zweiten Studie wurde PICUS in den Ostalpen, in Österreich, im Montafon 

angewendet, um das aktuelle Bewirtschaftungskonzept und acht alternative Konzepte unter 

fünf Klimawandelszenarien zu vergleichen. Die getesteten Simulationsszenarien umfassten 

verschiedene Hiebsformen (Schlitzhieb, Streifenhieb und buchtig ausgeformter Lochhieb), 

Nutzungsintensitäten und Kunstverjüngung. Die Resultate für das Revier wurden mithilfe von 

Indikatoren für Holzproduktion, Kohlenstoffspeicherung, Naturschutz und Schutz vor 

Naturgefahren (Steinschlag, Erosion und Lawinenanbruch) verglichen. 

Die Ergebnisse der Evaluierungsstudie demonstrierten, das PICUS, wie die anderen getesteten 

einzelbaum-basierten Modelle, konzeptionell soweit ausgereift ist, dass eine Simulation von 

Bewirtschaftung und Klimawandelauswirkungen in komplexen Bergwaldökosystemen mit 

hoher Güte möglich ist. Die Ergebnisse der Simulationsstudie zeigten, dass keine der 

Bewirtschaftungsalternativen alle Ökosystemfunktionen gleichzeitig gut erfüllen konnte. Die 

buchtige Hiebsform in niedriger Nutzungsintensität war am besten geeignet, um die 

derzeitige Multifunktionalität zu erhalten. In allen Simulationsszenarien wurde ein starker 

Anstieg von Borkenkäferkalamitäten prognostiziert, wodurch die Stabilität der fichten-

dominierten Wälder bedroht wird. Um die Resilienz der Wälder zu stärken, ist eine 

Intensivierung der Bewirtschaftung kombiniert mit einer Reduktion der Wilddichten 

notwendig, um eine ausreichende Verjüngung von Mischbaumarten zu erreichen. Die teils 

starken Wechselwirkungen zwischen den Ökosystemleistungen zeigen die Notwendigkeit 

einer örtlichen Priorisierung der Zielsetzungen in der Bewirtschaftung auf, vor allem 

hinsichtlich der Schutzfunktion und in ökologisch sensitiven Bereichen. Es ist essentiell, dass 

alle beteiligten Akteure ein gemeinsames Verständnis für die in Bergwäldern ablaufenden 

Prozesse gewinnen, um die Wälder durch gezielte Bewirtschaftung an die Herausforderungen 

durch den Klimawandel und die komplexen gesellschaftlichen Anforderungen anzupassen. 
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1 INTRODUCTION 

Management of forest ecosystems located in mountainous landscapes poses many challenges 

for decision-makers. The most obvious feature of mountain forests is the complex 

topography, which causes sharp gradients of climate parameters, variable soil conditions and 

increased direct water runoff and erosion (Beniston 2003). Forests in European mountain 

ranges are usually characterized by low growth dynamics, limited accessibility, long timber 

extraction distance and steep terrain. Nonetheless, they provide essential goods and services 

for society, such as clean drinking water, protection against gravitational hazards and high-

value timber (EEA 2011). European mountain forests hold a high degree of ecosystem 

naturalness, serve as habitat for endangered species (Nagy et al. 2003) and provide aesthetic 

values for local inhabitants and tourism (EEA 2011). Mountain forest landscapes are dynamic 

socio-ecological systems, evolving as a result of slow and fast drivers of natural processes 

(Thom et al. 2013) and social processes (Holling and Gunderson 2002) (Figure 1). The 

ecosystem service concept (MEA 2005) is well suited to study these complex systems. It 

includes service supply by the ecosystem on one side and demand by humankind on the 

other side while holding humans as an integrative part of the ecosystem. The importance of 

different ecosystem services can be quantified and compared in a multidimensional way, in 

the categories of ecological, socio-cultural and economic value (de Groot et al. 2010).  

 

 

Figure 1. The context of the ecosystem service concept in a dynamic socio-ecological and global system (adapted from 

Virapongse et al. 2016). 
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Sustainable management of ecosystem services is defined as the human interaction with 

ecological processes to satisfy demands from a long-term perspective (MEA 2005). Therefore, 

it is essential to create a resilient socio-ecological system, capable of withstanding severe 

disruptions both from the ecological (disturbances) and the sociological (crisis) realms 

(Virapongse et al. 2016) (Figure 1). Following this dynamic system understanding, 

sustainability is a process and requires regular evaluation to adapt management practices 

(Berkes et al. 2003). Hence, sustainable forest management is based on system knowledge 

concerning ecological and social processes, sound knowledge on ecosystem service demand 

and supply, as well as tools to plan and evaluate management interventions.  

European mountain forests have been managed for hundreds of years. Evolving societal 

demands have caused substantial changes in management objectives and restrictions, which 

subsequently resulted in changing forest properties over time. Forests always served as the 

primary source of energy and raw material for humanity, but the high demands from early 

modern age industries caused regional shortages of wood and large clear-cut areas. Due to 

the low growth rates and longevity of trees in mountain forests, these legacies are still 

noticeable today and contribute to the relatively uniform and overaged protective forests in 

the Alps (Niese 2011). Another important factor contributing to the current status of 

mountain forest landscapes is the locally deeply rooted tradition of intensive game 

management (Nussbaumer 2000; Milner et al. 2006). Subsequently, high deer densities for 

trophy hunting are favoring disturbance sensitive mono-species Norway spruce (Picea abies 

(L.) Karst) stands and prolong critical regeneration phases (Schodterer 2011). Many parts of 

Central European mountain ranges are permanently populated by humans and energy 

production and storage through water turbines and dams have been sharply increasing in the 

last century (EEA 2007). Tourism has a long history in the European Alps; starting at the end 

of the 18th century (Lauterbach 2010), it has grown into a major source of income for many 

regions today, with individual visitors searching for authentic alpine landscapes as well as 

equipped and safe accommodation facilities all year long (Wehrli et al. 2007). The societal 

demands for uninterrupted transportation, energy and communication infrastructure require 

forests in mountainous areas which provide a comprehensive high-level protective 

functionality against gravitational hazards such as rockfall, avalanches, soil erosion and water 

runoff peaks. 

A global factor challenging socio-ecological systems is climate change. Studies show that 

warming rates are more pronounced in mountain regions (Wang et al. 2014; Pepin et al. 

2015). In the Alps, mean annual temperatures have already increased by more than one 

degree and, in the next decades, a further increase is expected, accompanied by changes in 

the precipitation regime and decreasing snow cover durations (Gobiet et al. 2014). As a 

result, growth, mortality and regeneration of trees are affected and disturbance regimes are 

expected to increase in frequency and/or magnitude (Kromp-Kolb et al. 2014). Forests have 

adapted historically to changing environmental conditions. Still, the impacts and the speed of 

climate change may be beyond their biological adaptive capacity and result in severe 

disruptive consequences on protective and economic services. With increasing awareness 

and evidence of possible impacts, scientists started to propose strategies to deal with the 
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effects of climate change (e.g., Linder 2000; Spittlehouse 2005). Adaptive forest management 

was introduced, as a process of “monitoring and anticipating change and undertaking actions 

to avoid the negative consequences or take advantage of potential benefits of those changes” 

(Keenan 2015). 

Central European forests have a long history of multifunctional management to ensure the 

provisioning of manifold services and the livelihoods of people living within the wider region 

of mountain ranges. Recently, forest managers have started to recognize that the narrow 

view of meeting the strategic and operative company goals solely within traditional 

microeconomics is not sufficient. Within this frame, forest management is much more than 

extracting marketable timber and game management for favoring trophy hunting. 

Management activities are all sorts of possible interventions in forest structures and natural 

processes. Moreover, it is important to consider the explicit decision not to intervene, 

because natural development is evaluated as beneficial and the expenses can be spent more 

cost effectively elsewhere. To avoid conflicts and to secure future economic potentials, forest 

managers have to consider various stakeholder groups in planning and decision making 

processes (Vacik and Lexer 2014). While legislation, subsidies and counseling by public 

administration provide only a rough frame for adaptation on the local scale, managers are 

facing the problem of setting up operative harvesting plans and management decisions that 

will have long-term implications. One widely acknowledged overall goal concerning climate 

change impacts is to design management strategies in order to prevent large scale 

disturbances, which cause long-lasting disruptions of ecosystem services and high restoration 

costs. Homogeneous stand structures in Norway spruce-dominated forests, occurring in large 

areas of the montane and lower subalpine belts in the Alps, are seen as especially susceptible 

to large scale disturbances by storms, snow load and bark beetles (Brang et al. 2006). Stands 

with clustered spatial tree distribution, higher tree species and size diversity and long internal 

edges are seen as beneficial for various reasons: Heterogeneous structures provide breaks for 

disturbances, enhance stability of trees by decreasing tree height to diameter ratios and offer 

more suitable niches for the establishment of regeneration (Motta and Haudemand 2000). 

Even though these overall goals are acknowledged, forest managers have to decide where, 

when and how much intervention is needed to foster a horizontal and vertical structure of 

the forests to guarantee the required forest services (Dorren et al. 2004). Ecosystem services 

depend on the forest state (i.e., state variables) and the change of state over time (i.e., flow 

variables or ecosystem output) and emerge on different spatial scale levels. Hence, impacts 

caused by management have to be evaluated at several temporal and spatial levels. For 

example, gravitational processes operate on the slope to landscape scale (e.g., rock 

trajectories along the slope), while, on the other hand, silvicultural interventions to initiate 

regeneration need a fine-grained management resolution at the patch or even tree level 

(Maroschek et al. 2015). Processes with similar complexity have to be considered for many 

goods and services provided by mountain forest ecosystems (e.g., provision of drinking water, 

wildlife habitat management).  
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The multi-scale nature and related potential trade-offs between ecosystem services are 

enormous challenges for forest ecosystem management, especially under the anticipated 

influence of climate change (Seidl et al. 2013). Appropriate concepts and tools for decision 

support are thus needed to fulfill the societal demands in a long term perspective (Muys et al. 

2011; Vacik and Lexer 2014). Various forest simulation models have been developed based on 

different theoretical concepts along with the rising computing capacity starting from the 

1960s (see Fabrika and Pretzsch 2013; Shifley et al. 2017). However, until now, most models 

remained in the science domain and are applied by their original authors and a small group of 

technical experts (Vanclay 2003). Those models which are available for end-users are typically 

growth and yield focused models, that do not consider climate change effects and rarely 

include disturbance factors (e.g., BWINpro (Hansen and Nagel 2014), MOSES (Hasenauer 

1994), MOTTI (Salminen and Hynynen 2001)). In applied research projects, models are 

inevitable tools to explore mid- to long-term implications of changing environmental 

conditions (Lexer et al. 2002; Hanewinkel et al. 2012; Elkin et al. 2013), different management 

approaches (Söderbergh and Ledermann 2003; Seidl et al. 2008b; Schelhaas et al. 2014) and 

disturbance regimes (Seidl et al. 2011a; Temperli et al. 2013) on forest development. They 

can deliver results for different scales of the ecosystem and are a prerequisite for transparent 

decision support systems (Mäkelä et al. 2012). The successful application of simulation 

models is based on proficient model development and requires detailed knowledge of initial 

forest states and ecosystem processes. Over the last twenty years, the rapidly growing 

availability of data, originating from large research networks and remote sensing sources, has 

stimulated many advanced modeling approaches (Fournier et al. 2000; Seidl 2017). Yet, no 

supermodel has appeared on the science catwalk, which covers all aspects of forest 

ecosystem processes realistically and offers reliable proxies for ecosystem services across all 

temporal and spatial scales. On the other side, for a specific case study setting, only a distinct 

number of services is relevant for decision-makers. Therefore it is essential to carefully 

choose and evaluate existing models with regard to simulated sub-processes and output 

parameters (Monserud 2003). Another important step for a successful forest landscape 

assessment is to ensure acceptance of the decision support tool amongst the diverse 

stakeholders, including parties outside the traditional forest sector. Hence, the successful 

application goes hand in hand with an intelligible description of all underlying model 

assumptions and by objective validation of outputs, including estimates of uncertainty (Muys 

et al. 2011). Model intercomparison studies are recommended (e.g., Huber et al. 2013; 

Warszawski et al. 2014), where, within a harmonized framework, a set of models is compared 

with each other and independent observational data. Model intercomparisons show great 

potential to objectively evaluate the strengths and deficiencies of models and foster scientific 

exchange between working groups. Ultimately, the establishment of transparent processes to 

ensure model quality throughout all stages of model development, evaluation and 

application, is a prerequisite for a deeper understanding of ecological systems and scientific 

progress (Augusiak et al. 2014).  
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Forest ecosystem models, applied in a proficient and responsible manner, can give insight 

into the dynamics of complex ecological systems and the interacting effects of biological 

processes and management under climate change. Subsequently derived proxies for 

ecosystem services are fundamental assets of decision support systems in conflicting 

stakeholder settings. 

  



6 

 

  



 

7 

 

2 OBJECTIVES  

The overall aim of this thesis was to assess the effects of mountain forest management 

strategies on ecosystem service provisioning under the influence of climate change.  

Specifically, the assessment included the following tasks: 

 

(1) Evaluation of the forest ecosystem model PICUS version 1.5 by comparing projected 

stand development under management against inventory data and other forest 

models. 

(2) Design of realistic, spatially explicit management plans depicting the currently 

practiced mountain forest management regime and potential adaptive variants in 

long-term scenarios for the forest ecosystem model PICUS version 1.5. 

(3) Application of the simulation and assessment framework to evaluate 

multifunctionality and adaptive capacity of alternative mountain forest management 

plans under climate change. 

(4) Analysis of the effects of spatial scales in the quantification of ecosystem services for 

mountain forest ecosystems. 

 

The objectives of this thesis were pursued in three scientific publications. A brief overview is 

presented below in Figure 2. 

 

 
Figure 2. Content and case studies used in the individual papers.  
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3 MATERIALS AND METHODS 

3.1 THE PICUS SIMULATION AND ASSESSMENT FRAMEWORK 

For this study, the hybrid forest ecosystem model PICUS version 1.5 was employed. The 

hybrid model PICUS 1.3 (Seidl et al. 2005) was created by combining the classical gap model 

PICUS 1.2 (Lexer and Hönninger 2001) and algorithms from the 3-PG stand-level production 

model (Landsberg and Waring 1997). In succeeding PICUS versions 1.3 to 1.5, core model 

components remained unchanged as described in detail in Seidl et al. (2005). In the latest 

PICUS version 1.5 the functionality was extended for simulating and analyzing contiguous 

landscapes by implementing irregular stand shapes, a raster-based management module and 

single tree model outputs for analysis in a landscape assessment tool (Maroschek et al. 2015). 

An overview of publications dealing with conceptual model extensions, applications and 

evaluations is provided in Figure 3. Below, a brief summary of PICUS 1.5 properties is given, 

with particular focus on spatial aspects of simulation processes and outputs. 

 
Figure 3. Model development towards PICUS version 1.5 including a chronological publication history starting from 

version 1.4. *) Publications with personal contribution of the thesis author (Seidl et al. 2007a; Seidl et al. 2007b; Seidl et al. 2008a; Seidl et al. 2008b; Didion et al. 2009; Seidl et al. 2009; Rammer et al. 2010; Seidl et al. 2010; Seidl et al. 2011b; Seidl et al. 2011c; Huber et al. 2013; 

Härtl et al. 2015; Pardos et al. 2015; Rammer et al. 2015; Pasztor et al. 2015; Langner et al. 2017; Zlatanov et al. 2017) 
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PICUS version 1.5, henceforward referred to as PICUS, operates on individual trees positioned 

on a grid of 10 x 10 m patches, whereupon the leaf biomass of trees is arranged in crown cells 

of 5 m height. Employing 3-PG algorithms (Landsberg and Waring 1997), stand-level net 

primary production is estimated by radiation interception and light use efficiency, which 

depends on temperature, precipitation, solar radiation, vapor pressure deficit, soil water and 

nutrient supply. Redistribution of assimilates to individual trees is accomplished according to 

the relative competitive success of individuals within the gap model environment (Lexer and 

Hönninger 2001). The temporal resolution of the simulation is monthly with annual 

integration of tree population dynamic processes. As climate input, monthly values of 

temperature, precipitation, solar radiation and vapor pressure deficit are required. Tree 

regeneration dynamics are simulated within five height classes (Woltjer et al. 2008), and a 

browsing module can simulate species-specific reduction of height growth for regeneration 

caused by ungulates (Paper 2). PICUS includes a module to account for detailed Carbon 

cycling processes in the soil and litter layer (Seidl et al. 2007b). A process-based module for 

European spruce bark beetle (Ips typographus L.) estimates annual infestation risk, damage 

intensity and mortality pattern for spruce trees, based on temperature and tree dimensions 

(Lexer and Hönninger 1998; Seidl et al. 2007a). PICUS offers a comprehensive management 

module, including single tree selection harvests based on a scripting language, tree selection 

on 2 x 2 m resolution raster grids, as well as planting operations at the level of the 10 x 10 m 

patches. PICUS operates on simulation units up to 25 ha. One simulation entity consists of 

spatially explicit patches with uniform soil attributes (pH, water storage and plant available 

Nitrogen). If tree positions are not provided as input data, trees are randomly distributed, and 

tree maps of different simulation entities can be exported and loaded into a landscape 

assessment tool for combined analysis and visualization (Maroschek et al. 2015).  
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3.2 THE EVALUATION CASE STUDY SNĔŽNIK 

The case study Snĕžnik was used for evaluating the PICUS model within the frame of a forest 

model intercomparison study (Paper 1). 

3.2.1 STUDY AREA DESCRIPTION 

The Snĕžnik Mountain is a karst limestone plateau in the northern part of the Dinaric 

Mountains, in Slovenia, Europe. The forest soils are mainly chromic Cambisols and rendzic 

Leptosols. The study area extends from 800 m to 1300 m a.s.l. (meters above sea level). The 

local climate has Mediterranean influences with high summer and low winter temperatures. 

Temperatures range between 6.8 °C mean annual temperature (MAT) at 800 m and 3.1 °C 

MAT at 1300 m a.s.l., with precipitation increasing with elevation from 1670 mm to 1930 mm 

mean annual precipitation (MAP). Mountainous silver fir (Abies alba Mill.)  - European beech 

(Fagus sylvatica L.) - Norway spruce forests are the prevalent natural forest type. Forests are 

currently managed in a combination of single stem and small-scale irregular shelter-wood 

system entitled “free style silviculture” (Mlinsek 1968; Boncina 2011). 

3.2.2 FOREST MODEL INTERCOMPARISON  

In the project ARANGE (Advanced Multifunctional Forest Management in European Mountain 

Ranges), forest ecosystem models originating from different European regions were applied 

as integrative planning and decision support tools. This framework was utilized to compare 

PICUS (see section 3.1), the gap model ForClim (Bugmann 1996), the landscape model 

LandClim (Schumacher et al. 2004) and the spatially explicit empirical models SAMSARA2 

(Courbaud et al. 2015) and SIBYLA (Fabrika 2005). The models were tested against inventory 

data from nine compartments in the Snĕžnik case study, covering a 50-year period and 

including annual harvest records. To account for uncertainty in drivers of forest development, 

simulation scenarios for the initial state of small trees, browsing rates by ungulates and 

sanitary harvests were defined. The models were compared regarding the accuracy of (i) 

initialization using historical inventory data, (ii) implementation of management from harvest 

records and (iii) simulated compartment states. The statistics Nash-Sutcliffe Efficiency (NSE) 

(Nash and Sutcliffe 1970), the mean error (ME) and the root-mean-square error (RMSE) were 

calculated to compare basal area of the model outputs. The Diameter Distribution Error 

(DDE), described as "total variation distance index" in Levin et al. (2009) was calculated to 

compare forest structures. Periodic volume growth was calculated in a standardized approach 

by using local height curves and tree volume functions (see Paper 1). 
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3.3 THE APPLICATION CASE STUDY MONTAFON 

As the main study area for this thesis, the case study Montafon was used in Paper 2 and 3.  

3.3.1 STUDY AREA DESCRIPTION 

This study area is situated in the Austrian province Vorarlberg in the Montafon valley. The 

forests are managed by the Stand Montafon Forstfonds, an association owned by local 

municipalities, holding about 6500 ha of forest land in the region. Land use has shaped the 

landscape for at least 500 years (Bußjäger 2007). While the valley bottoms are currently 

largely occupied by settlements, infrastructure and agricultural use, forests are situated on 

the steep hillsides up to the tree line, limited by alpine pastures and ski slopes on suitable 

sites. Norway spruce is the dominating tree species with a share of 96%, followed by Silver fir 

with 3% and minor shares of European beech and other broadleaved trees (Maier 2007). The 

most relevant forest ecosystem service is protection against multiple natural hazards 

(rockfall, avalanche release and erosion). Other essential forest services are the production of 

valuable timber, game management and nature conservation (in Natura 2000 and forest 

nature reserves) (Malin and Maier 2007).  

A catchment in a side valley named Rellstal has been chosen for detailed analysis. Here forest 

stands are situated on steep north- and south-facing slopes and stretch between 1060 m and 

1800 m a.s.l.. Depending on bedrock, soil types are Leptosols (Rendzinas and Rankers), 

Podzols and rich Cambisols. The historical climate (period 1961-1990) was characterized by 

low temperatures and ample precipitation (6.2 °C MAT and 1486 mm MAP at 1300 m a.s.l.). 

Five climate change scenarios for the simulation period 2000 to 2100 were employed based 

on simulations from the ENSEMBLES project (Hewitt and Griggs 2004). Downscaling to the 

local values was described in Bugmann et al. (2017). The climate change scenarios covered a 

wide range of possible transient future conditions (+2.6 up to +6 °C MAT increase between 

the historical climate and the period 2071-2100) (for details see Paper 2). Detailed forest 

structures and soil properties in the case study catchment were estimated using terrestrial 

data (stratified raster sampling of forest and soil attributes) and airborne remote sensing data 

(normalized crown model and volume map (Hollaus et al. 2006; Hollaus et al. 2007). Utilizing 

both datasets, an algorithm generated tree-maps containing size, species and location of 

individuals for distinct stand polygons (see Maroschek et al. 2015 and Paper 2). Together with 

the non-forest area (mainly steep ditches and forest roads), in total, 53 forest stands added 

up to 270 ha catchment area used in the simulation experiment. Based on inventory data, the 

current annual ungulate browsing probability for tree regeneration was estimated for the 

landscape. Probability for browsing (annual fraction of simulation patches experiencing 

browsing) was 0.31 for spruce, 0.68 for fir, 0.41 for maple and 0.38 for beech. 
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3.3.2 LOCAL MODEL EVALUATION 

For evaluating the accuracy of PICUS in reproducing tree growth and stand structure 

development in the application case study, a dataset based on tree ring analysis originating 

from an adjacent valley was utilized (Neumann 1993). For details, see Paper 2. 

3.3.3 FOREST MANAGEMENT STRATEGIES 

For steep terrain conditions, as observed in the case study Montafon, any extraction of 

harvested timber is based on cable yarding with temporary skyline systems. Therefore, 

limitations regarding hauling distances and clearance of tracks had to be considered for the 

design of spatially explicit harvesting alternatives. Details of current and possible alternative 

management regimes were based on forest management records, analysis of recent harvests 

on orthophotos and forest stakeholder interviews conducted in the ARANGE project and for 

Maroschek et al. (2015). For simulating the development of the case study catchment in 

PICUS, the 53 forest stands were merged to 18 harvesting units. Thus, the effects of 

management on structural dynamics of the forest ecosystem could be simulated in a detailed 

and contiguous way. Another argument was that current strategies aim for uneven-aged 

forests, which will result in gradually diminishing differences between forest stands. Hence, 

the harvesting units were defined based only on the topography and road infrastructure, 

which determine the setup of skyline harvesting systems (see Paper 2). 

For this study, a rigid harvest pattern design was conceptualized to allow for a contrasting 

and comprehensible alteration of management interventions. At first, possible skyline tracks 

were delineated across the case study landscape, depending on terrain attributes and 

suitable landing sites on forest roads. Then harvests were timed based on tree maturity and 

uniformity of stand structure along the skyline tracks. The schedule was fixed for all active 

management alternatives. To study the effects of cutting pattern along the skyline tracks, 

small slit-cuts (300 m²), currently practiced irregularly shaped patch-cuts (1500-2000 m²) and 

strip-cuts (5000 m²) were compared (Figure 4). Area turnover rates were simulated as 

currently observed (250 years, low-intensity) and in a high-intensity management alternative 

(150 years) by decreasing the track return intervals and including additional tracks. Cutting 

pattern and turnover rates were simulated in a full-factorial design. In addition, two 

management variants were simulated incorporating artificial regeneration: (i) For strip-cuts at 

150 years rotation length, a mix of spruce, larch and maple was planted after felling and (ii) in 

a sanitary management alternative, trees infested by bark beetles were cut down on site and 

resulting gaps were planted with sycamore maple. For comparison, a management regime 

without interventions was simulated. For further details on skyline track management 

(Paper 2) and management alternatives (Paper 3), compare the original publications in the 

appendix of this thesis. 
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Figure 4. Simulation scenarios as applied in paper 3. 0 = historical climate, 1 to 5 = climate change scenarios. NA = not 

applicable. *) Currently practiced management (Patch-cut pattern x Low Intensity x Natural Regeneration).  

 

3.3.4 ECOSYSTEM SERVICE INDICATORS 

The assessment of ecosystem services from model outputs was based on the extensive set of 

ecosystem service indicators developed and compiled in the ARANGE project (Cordonnier et 

al. 2013; Bugmann et al. 2017). For the case study Montafon, a set of 11 indicators was 

selected, representing timber production, protection against gravitational hazards, Carbon 

storage and nature conservation, complemented by an additional indicator for tree 

regeneration status (Table 1). The simulation output was available at annual resolution. After 

loading it into the landscape assessment tool, grain sizes of 1, 5 and 10 ha grid cells were used 

to calculate indicator values (see Paper 2). 

Spatial indicator aggregation at catchment level was done as presented in Table 1. 

Temporally, results were aggregated in three 33-year periods. Indicators for timber 

production and Carbon sequestration were scaled up to the landscape level by area-weighted 

average. Other ecosystem services, which require a smaller and rigid spatial context, were 

calculated for 1-ha cells. For scaling up to the landscape scale, area percentiles (10th, 50th and 

90th) were used for interval scaled indicators, whereas area percentages were calculated for 

categorical indicators (see Paper 3).  
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Table 1. Indicators for ecosystem service assessment in the Montafon case study catchment for comparing simulation 

results for current management practices and eight adaptive management alternatives (Paper 3). Temporal aggregation 

in three 33-year periods. Percentiles = 10
th

, 50
th

 and 90
th

 area percentile. % area = area percentage of three categories.  

Ecosystem 
Service  

Indicator 
Unit / 
Index Interval 

Temporal 
aggregation  

Spatial  
grain size 

Spatial 
aggregation 

Timber production 

Timber harvested m
3
 ha

-1 
yr

-1
 mean harvest unit mean 

Volume increment m
3
 ha

-1 
yr

-1
 mean harvest unit mean 

Bark beetle damage m
3
 ha

-1 
yr

-1
 mean harvest unit mean 

Standing timber m
3
 ha

-1
 mean harvest unit mean 

Carbon storage 
Carbon in Trees, Soil 
& Woody Debris 

t ha
-1

 mean harvest unit mean 

Nature 
Conservation 

Bird Habitat Quality  [good, med, poor]  mode  1-ha cell % area  

Tree Species Diversity [-] mean 1-ha cell percentiles 

Tree Size Diversity [-] mean 1-ha cell percentiles 

Protection against 
Gravitational 

Hazards 

Snow Avalanches [0, 1] minimum 1-ha cell percentiles 

Landslides [good, med, poor] lowest  1-ha cell % area 

Rockfall [0, 0.99] minimum 1-ha cell percentiles 

Tree regeneration 
Availability of 
Regeneration 

[true, false] mean 1-ha cell % area 
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4 RESULTS 

4.1 MODEL INTERCOMPARISON RESULTS 

At first, the models’ initializations for 1963 were compared with the initial inventory data. 

PICUS, SAMSARA2 and SIBYLA showed a very accurate initialization. The root mean squared 

errors (RMSE) of basal area were below 0.7 m2ha-1 and the mean diameter distribution error 

(DDE) below 2 %. ForClim had a higher RMSE of 1.4 m2ha-1 due to lower initialized basal area 

in two compartments. LandClim had relatively high deviations from the observed inventory 

values (RMSE 6.9 m2ha-1, mean DDE 6.0 %), always initializing lower basal area densities. 

Starting with the initial compartment characteristics, the models simulated the development 

according to the scenarios for initialization of small trees, browsing by ungulates and sanitary 

harvests. Resulting basal area was compared with the observations in 1983 and 2013. 

SAMSARA2, SIBYLA and PICUS showed good model performance (NSE > 0.5; mean 

RMSE < 5 m2 ha-1) with PICUS being the only model performing well in both observation 

periods.  

Compared with the local estimate for total volume growth (approximately 9 m3ha-1yr-1), 

ForClim, SAMSARA2 and SIBYLA simulated lower growth (5.6, 7.0 and 7.1 m3ha-1yr-1), 

LandClim was clearly overestimating (15.7 m3ha-1yr-1), and PICUS was fairly close 

(8.4 m3ha-1yr-1). The simulated compartments were managed regularly in intervals of 10 to 20 

years and, in some cases, sanitary logging occurred almost every year. The models SAMSARA2 

and SIBYLA reproduced the recorded harvest volumes very accurate with deviations below 

0.5 m3ha-1yr-1 (basal area sum over all compartments). PICUS (-0.8 m3ha-1yr-1) and ForClim 

(-1.4 m3ha-1yr-1) also showed good agreement with the harvest records. Simulated harvests 

differed more for LandClim (+2.2 m3ha-1yr-1), whereat particularly the diameter structure of 

harvests deviated considerably from the records. 

The uncertainties in data were addressed by simulation of the twelve scenarios combinations. 

The range of results depicted the predicted model uncertainty, and furthermore showed the 

general sensitivity of the models towards scenario assumptions. The variability, as triggered 

by scenarios for initialization and browsing, was smallest for LandClim (2% of the mean result) 

and largest for SAMSARA2 (8%). Adding the scenarios for sanitary harvesting increased the 

variation of the mean output to 24% (SAMSARA2), 11% (PICUS) and 6% (SYBILA). 

Overall, the error statistics indicated that simulated basal area development was most 

accurate for the individual tree-based models PICUS, SAMSARA2 and SIBYLA. ForClim, a non 

spatial gap model, was also performing well, although performance ratings were slightly 

lower due to higher divergence in one of the simulated compartments. On the other hand, 

ForClim was performing best regarding diameter structure conformity. LandClim, considering 

its coarser spatial and temporal simulation and management resolution, delivered reasonable 

results regarding basal area statistics. Nevertheless, the performance of LandClim regarding 

diameter distributions was poor (see Paper 1). 
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4.2 APPLICATION OF THE PICUS SIMULATION AND ASSESSMENT FRAMEWORK 

4.2.1 EVALUATION OF THE ECOSYSTEM SERVICES ASSESSMENT APPROACH 

As a prerequisite to interpret differences in ecosystem service indicators simulated by PICUS, 

the model-induced stochastic variation was evaluated, by comparing the results of 10 

identical model runs. The main source for variation was tree mortality. Damage by 

bark beetle showed the highest variability, indicated by a coefficient of variation (CV) of 

9 - 17% (historical climate, range due to managements). The variation decreased with 

increasing climate change effects as damages occurred more frequently (CV 3 - 6% in most 

severe climate). Another contributing source was the spatial aggregation of indicators across 

the landscape. Indicators aggregated as mean values showed very low variation (CV < 3%), 

while nature conservation and gravitational hazard indicators represented by critical sub 

areas and rare structures showed moderately higher variability (CV < 8%) (see Paper 2). 

The utilized ecosystem services indicators were designed to provide estimates at stand scale. 

Yet, the classical silvicultural stand definition (i.e., a forest subarea of variable size with similar 

tree and site attributes) is not precise in terms of spatial context. Therefore, the effect of 

different grain sizes (1, 5 and 10 ha cells) on indicator values was analyzed. The results 

showed significant differences only for the bird habitat indicator and for protection against 

landslides. Most sensitive was the bird habitat indicator, depending on rare structural 

elements such as veteran trees and standing deadwood with large dimension. Here the 

increase of cell size resulted in more “average” habitat conditions (i.e., decreasing area rated 

as “bad” for all simulated scenarios and in a decrease of “good” area) in most cases. For 

further analysis it was concluded, that indicators for nature conservation and protection 

against gravitational hazards, which require a rigid spatial context, should be assessed using 

grain sizes of 1 ha. For indicators of timber production and Carbon sequestration linear 

scaling of the simulation units to the landscape level was sufficient. 

Analysis showed that grain size was also affecting the landscape level results regarding 

multifunctionality (i.e., the area shares with simultaneous provisioning of multiple ecosystem 

services). Multifunctionality decreased with increasing number of considered services and 

increased with larger grain size. For example, considering a set of four ecosystem services and 

a requirement of at least 2 fulfilled services for multifunctionality, the respective area 

increased from 76% at 1 ha grain size to 100% at 10 ha grain size (non-intervention, aggregate 

for third simulation period). Moderate climate change increased the multifunctional area 

share, while under severe climate change this trend was reversed (see Paper 2). 

4.2.2 EVALUATION OF THE CURRENT MANAGEMENT REGIME 

Under historical climate (i.e., no climate change) and the current management regime (patch-

cuts with low intensity) the forest stocks in the catchment increased from 436.5 to 

490.1 m³ ha-1 at the end of the simulated period, while on average 1.9 m³ ha-1 of timber was 

extracted per year. Closely correlated with volume were in situ carbon pools, which increased 
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slightly from 220 to 223 t ha-1. The protective indicators improved (e.g. Landslide protection 

area rated "good" increased from 48% to 71%). Similarly, the bird habitat conditions generally 

improved from 49% to 64% suitable area (combined "moderate" and "good" rating), but the 

area with "good" rating decreased from 10% to 0% in the last simulation period. Tree species 

diversity, which was already low in the beginning (diversity index of 1.33), further decreased 

to 1.23 (see Paper 2).  

Effects of the five climate change scenarios on forest growth rates were positive or at least 

neutral. Only in the most severe climate scenario (+5.9 °C MAT) a negative impact in the last 

simulation period was observed. However, in parallel a strong intensification of the bark 

beetle disturbance regime and related damages in the spruce dominated landscape was 

simulated (from 0.5 m³ ha-1 yr-1 under historical climate up to 2.9 m³ ha-1 yr-1). Disturbances 

reduced the number of veteran trees and increased deadwood volume and, with exception of 

the mildest scenario (+2.6 °C MAT and +20% MAP), reduced standing tree volume and Carbon 

stocks. Climate change favored the bird habitat quality in the catchment, because of more 

standing deadwood of large dimensions and canopy openings due to bark beetle damages 

(21% area "good" rating in the most severe scenario). Tree diversity indicators showed a 

moderate increase in the last simulation period, but could not reverse the generally 

decreasing temporal trends (e.g., decline of silver fir basal area shares from 6.2 to 4.7% in the 

most severe climate scenario) (see Paper 2).  

4.2.3 COMPARISON OF MANAGEMENT ALTERNATIVES 

In general, the observed direct effects of the climate scenarios on forest dynamics were less 

distinctive than effects of management. On the other hand, the management intensities had 

considerably larger effects than the cutting patterns. Where not relevant, the intensity effects 

were compared by averaging the results of different cutting pattern. Presented summary 

results focus on the third simulation period (2067-2100), when the effects of management 

and climate were more pronounced. 

With higher management intensity the harvested timber in the case study catchment 

increased from 2.5 m³ ha-1 yr-1 to 3.3 m³ ha-1 yr-1 (historical climate). This intensification 

resulted in increased mean periodic increments and the standing timber decreased only 

slightly until 2100. There was a trend of higher bark beetle damages in the no intervention 

and sanitary management scenarios (3.1 m³ ha-1 yr-1, severe climate change), followed by low 

intensity alternatives (2.7 m³ ha-1 yr-1), while high intensity management variants tended to 

have lower damages (2.2 m³ ha-1 yr-1). However, increased management intensities resulted 

in adverse effects on protective functionality. Within the entire simulation period of 100 

years, protection against gravitational hazards was best in the non-intervention alternative. 

On the other hand, this scenario showed low area shares with regeneration, indicating a low 

resilience against disturbances and longterm development of ecosystem service provisioning.  

Comparing the different cutting patterns, the strip-cut pattern was clearly the least favorable 

regarding protective services. Patch and slit-cut pattern showed very similar results, whereat 

the fine-grained slit-cut pattern showed significant improvement of protective functionality 
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only in high intensity management. Also bird habitat suitability was observed as being highly 

sensitive to management. Current management (patch-cut pattern at low intensity) delivered 

the best results under most climate scenarios.  

Slit- and patch-cut pattern were slightly better in promoting tree species diversity in the 

regeneration compared to the strip-cuts, but a relevant change in species composition was 

only observed in the artificial planting scenarios, because it was assumed that planted trees 

were protected from browsing effects. Under climate change, artificial regeneration became 

more effective. Furthermore, results indicated a slight increase in sensitivity to cutting 

pattern under the climate change scenarios, but in general the relative performance of the 

different management options remained similar, independent of the climate scenario. 

Given these diverse results for the different management strategies, no alternative was 

identified as beneficial regarding all ecosystem service indicators (Figure 5). For the majority 

of ecosystem services (protection, Carbon storage and partly nature conservation) high 

intensity management strategies were not favorable. With non-intervention and sanitary 

management current high Carbon stocks were maintained and protection against 

gravitational hazards further improved. However, sanitary management was highly adverse 

for bird habitat quality, due to the cutting of dead standing trees. Low intensity management 

with patch- or slit-cuts provided good habitat quality for birds and showed a good 

performance as an integrative scenario for all considered ecosystem services (see Paper 3).  

 

Figure 5. Ecosystem service indicators in period 2067-2100 relative to best management scenario according to 

preference direction. Colored band depicts range for management intensities: low intensity (LO) = yellow, high intensity 

(HI) = green (pattern), no intervention (NOM) and sanitary (SAN) = purple. Tree species diversity and Tree size diversity 

are represented by 50th percentile, Protection against snow avalanches and landslide by 10th percentile, Protection 

against landslides and bird habitat quality as share of area rated as “good”.  
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5 DISCUSSION 

For planning harvesting activities in mountain forest ecosystems many critical questions have 

to be considered. Silvicultural techniques in mountain forests stands are known for the wider 

Alpine region (e.g., Burschel and Huss 2003) and in practice for well-defined initial states and 

management goals (cf Hirsiger et al. 2013; Veneziani et al. 2014). However, if many 

ecosystem services are considered and the analyzed forest area gets larger, sustainable 

management gets complex and the planning approach applied is often perceived as “kind of 

trial and error” (Dorren et al. 2004). Application of the PICUS simulation and landscape 

assessment framework offered the possibility for a comprehensive long-term test of current 

management regimes but also of more extreme interventions up to the implications of doing 

nothing. The simulated management alternatives caused distinct pattern across the forest 

landscape, superimposed by interacting disturbances and tree population dynamics 

influenced by climate change. The application case study results demonstrated the important 

role of disturbances caused by the European spruce bark beetle in Norway spruce dominated 

mountain forests, which are highly sensitive to climatic changes. Expected damages set off 

the warming-induced gain in volume increment, simulated for the cool-wet conditions in the 

spruce dominated case study in most climate scenarios and furthermore impede protective 

services. 

Main outcome of the comparison between the management alternatives was that the best 

integrative results, considering all ecosystem services, could be achieved with low intensity 

patch-cut management characterized by a rotation length of 250 years and cutting areas of 

1500 to 2000 m² along the cable yarding tracks. This management approach furthermore 

indicated a good potential to initiate and facilitate regeneration processes for long term 

resilience of the mountain forest ecosystem. 

Brang et al. (2017) published findings of a field study assessing the effects of a management 

similar to the simulated strip-cut pattern. Results in Brang et al. (2017) showed that no 

substantial delay of regeneration is expected in the relatively large openings because of 

harsher climatic conditions or mechanical effects such as snow gliding. This underpins the 

simulation results for the growth of regeneration in the simulated strip-cut management. 

However, browsing by ungulates is another crucial factor for the successful establishment of 

regeneration because high browsing rates prolong critical regeneration phases and oppress 

an increase of tree species diversity as a means to adapt against climate change in the long 

term. The fundamental influence of ungulates has been confirmed by field research (Hirsiger 

et al. 2013; Veneziani et al. 2014) and other simulation studies (Didion et al. 2011; Klopcic et 

al. 2017). Results from the tested management scenarios including artificial regeneration 

(high intensity strip-cuts and sanitary management) demonstrated the potential for 

facilitation of alternative tree species for climate change adaptation in the spruce dominated 

case study. However, protecting planted trees from browsing would be very costly and not 

always practically feasible in steep mountain forest conditions. Yet, for interpreting 

simulation results methodological constraints have to be considered. Usually, as also for this 

study, in simulation models tree regeneration is affected at species level by browsing rates, 
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which are assumed constant across space and time. Browsing rates were determined by an 

inventory for the case study catchment, but they do not necessarily reflect local deer 

densities because their impact depends on many factors such as inter-annual migration, 

disturbances by human leisure activities and hunting and the availability of herbaceous forage 

(Kuijper et al. 2010). Game-management decisions made at landscape scale have to aim for 

ungulate densities in balance with the ecosystem and have to be in accordance with climate 

change adaptation goals. Therefore, a reduction of deer densities may be a first step. 

Additional efforts have to include altering of spatial and temporal habitat use by selective 

hunting activities (Royo et al. 2017). However, the relationship between deer density and 

browsing impact may not be linear (Kuijper et al. 2010) and the abundance of tree 

regeneration and herbaceous vegetation across the landscape affects the general carrying 

capacity of the habitat (Reimoser and Gossow 1996). Therefore, regular monitoring of tree 

regeneration browsing rates, their influence on vegetation development and evaluation of 

game-management decisions are necessary for successful adaptive forest management. 

There are many ways this study could be extended by including processes relevant in 

mountain forest ecosystems in a more detailed way. For instance, interaction effects between 

gravitational hazards and vegetation (Zurbriggen et al. 2014; Rammer et al. 2015), interaction 

effects of forest structure on the impact of ungulate browsing (Royo et al. 2017), simulation 

of deer populations and distributions (Millington et al. 2013), microhabitat models for 

biodiversity assessment (Courbaud et al. 2017) or the explicit planning of harvesting 

equipment (Bont et al. 2014). However, additional sub-models and higher process details 

usually come at the price of increasing requirements for model input data and model 

evaluation datasets. Growing model complexity does not necessarily increase the quality of 

produced scientific output (Grimm et al. 2005). Another way for extending the knowledge 

base for decision support can be the parallel application of multiple models operating on 

different spatial levels (e.g., Lam et al. 2004; Zlatanov et al. 2017). However, this requires 

careful evaluation of model conformity across the case study. The presented evaluation study 

(paper 1) demonstrated a reasonably well performance of the landscape model LandClim at 

the stand scale, qualifying it for such a complementary application for analysis at the 

landscape scale. 

Regardless of the choice of model detail and scale, in complex and comprehensive application 

studies there is always the danger that model developers partly neglect or rush through 

stages of reliable model development and evaluation (Augusiak et al. 2014) or application 

results in the end do not reach practical decision-makers for implementation of adaptive 

management in the real world (Mattsson et al. 2018). To increase acceptance of simulation 

tools for decision support, one mayor challenge is the objective validation and verification of 

outputs (Muys et al. 2011). Model intercomparison exercises bear the potential for increasing 

the credibility of ecosystem modeling. These studies offer great opportunities to compare 

detailed model outputs and point out differences, deficiencies and best practice examples. 

Presented results, for example, showed differences in mortality estimates for the tested 

forest models and demonstrated the efficiency of the applied model harvesting routines, 
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which are substantially contributing to the accuracy of simulations in managed forest 

ecosystems.  

The novelty of the simulation approach applied in this thesis lies in the combination of 

detailed implementation of harvesting patterns and ecosystem processes on a contiguous 

forest catchment case study. Classical stand level forest models usually simulate generically 

shaped stands of some hectare size, which may be scaled up with respective represented 

area in the landscape. These models potentially offer high resolution management routines, 

but cannot depict the harvesting pattern along the slope caused by cable yarding in 

mountainous terrain. Forest landscape models on the other hand simulate pattern-process 

interactions such as seed dispersal, disturbance propagation and hydrologic flow across 

contiguous landscapes starting at extends usually larger than 10 km2 (Keane et al. 2015). The 

usual drawback is a necessary lower detail in spatial resolution and management. The 

characteristics of the applied PICUS version 1.5 lie between these two model categories. 

PICUS can simulate forest dynamics, including disturbances, for spatially explicit harvesting 

units up to 25 hectares and offers continuous indicator assessments by utilizing the landscape 

assessment tool. The model offers detailed single-tree management prescriptions, spatially 

explicit initialization, algorithms for sanitary management and sub-modules such as the 

ungulate browsing and the bark beetle module. For evaluating the resilience of mountain 

forest ecosystems, a broad view on all regionally relevant ecological processes is necessary 

(Dorren et al. 2004). Strategies for adaptive forest management therefore include ecosystem 

service indicators based on complex forest features such as diameter structure, species 

composition and spatial structure of the tree population. Realistic integration of spatial 

details and mortality and regeneration processes are therefore highly relevant for applied 

simulation models. Tree growth, which is a predominant criterion in production forests and 

often the main focus of attention in model evaluation and performance ratings, is only one 

factor contributing to management decisions in mountain forestry. 

Recently many publications showed the importance and practical relevance of multi-

dimensional and integrative landscape studies to address complex management and policy 

issues (O’Farrell and Anderson 2010; Villa et al. 2014; Shifley et al. 2017; Luo et al. 2018). 

Contrary to Scandinavian countries, where landscape level planning has a longer tradition 

(Fries et al. 1998; Andersson et al. 2006), it is rarely applied in forestry in Central Europe so 

far. Here the consideration of protective services against gravitational hazards requires single 

tree resolutions and fine grained gap analysis of indicator outputs, provided at large spatial 

scales (see Heinimann 2010; Seidl et al. 2013). This study provides an application example in a 

mountain forest catchment of 2.7 km², emphasizing tree level processes while keeping track 

of effects and conceptual limitations at larger scales for the time scope of a whole century. 

The general finding, that none of the analyzed management alternatives was best for all 

considered ecosystem services indicated that the social context of a decision-making situation 

determines which services are prioritized and subsequently which management approach 

suits best. This knowledge finally can be used to distinguish zones for specific ecosystem 

service priorities and provide targeted management recommendations. 
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6 CONCLUSIONS 

The results of the assessment of management scenarios demonstrated that in the case study 

catchment, the currently practiced patch-cut regime at low intensity level appears as a well-

suited strategy to maintain landscape multifunctionality. However, predicted disturbances by 

spruce bark beetle pose a major threat to the stability of the forest structures and hence call 

for adaptation actions. Indicators of stability and resilience against disturbances include (i) a 

diverse tree species composition, (ii) sufficient natural regeneration and (iii) diverse vertical 

and horizontal forest structures (Motta and Haudemand 2000). If adaptation by increasing 

tree species diversity in the currently spruce dominated landscape was the main goal, 

increased forest management intensities accompanied by ambitious game management 

would be required to foster the fast establishment of species such as fir, sycamore maple and 

beech. As a drawback, this may locally negatively impact on several ecosystem services. 

Therefore, careful evaluation of harvesting activities is necessary in zones with, e.g., high 

demand for protection against gravitational hazards or in sensitive bird habitats. 

This study demonstrated the feasibility of model-assisted decision support in complex mixed 

mountain forest ecosystems. However, decision making about adaptation to climate change 

and sustainable management of ecosystem services is an evolving process and not a one-time 

application. For successful adaptive forest management, evaluation of the applied 

management strategies is necessary. It is important to regularly update projected forest 

dynamics by considering improved model routines, climate projections and refined 

management strategies.  

Multidimensional and interdisciplinary approaches are crucial to increase our knowledge for 

adapting the forests to the challenges resulting from climate change and manifold demands 

from society. For creating an impact, this knowledge has to be disseminated amongst forest 

stakeholders and local and transnational communities depending on intact mountain forest 

ecosystems.  
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