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What we are doing to the forests of the world is but a mirror reflection of what we are 
doing to ourselves and to one another.  
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Abstract  

 

Forests are very important to human wellbeing and global ecosystem functioning. They provide a 

multitude of ecosystem services and harbor high levels of biodiversity. However, these important 

roles of forests are under increasing pressure from climate and land use change. To deal with the 

mounting uncertainty from these changes, we need suitable concepts to guide forest research and 

management. Resilience can be such a concept to investigate the impacts of future changes on 

forests. However, resilience is a very broad concept and using it in forest science comes with 

conceptual and methodological challenges. In this thesis, I contribute to the forest resilience 

discussion by (1) reviewing the use of forest simulation models for forest resilience, and (2) using 

field data and a simulation model to investigate the recovery and resilience of Central European 

mountain forests.  

I used several methodical approaches to explore forest resilience in this thesis. In a literature review 

of studies investigating forest resilience with simulation models, I catalogued the types of drivers 

and responses of forest resilience addressed as well as which processes seen as important for 

resilience were included in the models used. Subsequently, I applied a forest simulation model in 

combination with field data to investigate the recovery of forests after management and disturbances 

under past climate. Finally, again using a simulation model, I looked at the impact of climate change 

on species composition and forest structure in a mountain forest landscape. 

I found diverse applications of simulation models to forest resilience. The resilience of forest cover to 

fire was most frequently investigated. The level of process detail varied widely and I  identified a 

clear need for further model development. In the second study, I found that forests in the study 

landscape were generally able to recover from past management and stand-replacing bark beetle 

disturbance under past and current climate. However, in the third study, I found strong and 

irreversible changes in forest structure and composition under climate change, leading to a 

substantially different forest state. 

While forests are often very resilient systems, future changes in environmental conditions may 

substantially challenge their  resilience. Simulation models are a highly useful tool to address the 

challenges forests are facing and we need to further invest into model development to aid in 

understanding and supporting forest resilience.  

Keywords: forest resilience, forest recovery, disturbances, protected areas, simulation model, iLand, 

landscape model, climate change, forest management, ecosystem functioning 
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Kurzfassung 
 

Wälder spielen eine wichtige Rolle für das menschliche Wohlergehen und das Funktionieren von 

Ökosystemen weltweit. Sie stellen zahlreiche Ökosystemleistungen bereit und beherbergen eine 

Vielfalt an Arten. Diese Leistungen von Wäldern geraten jedoch durch Klima- und 

Landnutzungswandel zunehmend unter Druck. Um mit den durch diese Änderungen entstehenden 

Unsicherheiten und Herausforderungen umzugehen, sind sinnvolle Rahmenkonzepte für die 

Waldbewirtschaftung und -forschung nötig. Resilienz ist ein vielversprechendes Konzept hierfür. 

Jedoch ist die Resilienzforschung ein sehr breites Feld und die Anwendung des Resilienzkonzepts 

bringt einige methodologische Herausforderungen mit sich.  In dieser Dissertation trage ich zur 

Waldresilienzforschung bei, indem ich (1) die Anwendung von Simulationsmodellen für 

Resilienzfragen analysiere und (2) ein Simulationsmodel anwende, um die Erholungsfähigkeit und 

Resilienz von zentraleuropäischen Wäldern zu untersuchen. 

Ich verwendete in dieser Dissertation mehrere methodische Ansätze um Waldresilienz zu 

untersuchen. Zuerst führte ich eine Literaturstudie durch und erfasste, welche Treiber und 

Reaktionen von Ökosysteme untersucht wurden. Des Weiteren erhob ich, welche der Prozesse, die in 

der Literatur als wichtig für Waldresilienz gesehen werden, in Modellen implementiert sind. In der 

Folge wendete ich selbst ein Simulationsmodell in Verbindung mit einer Chronosequenz aus 

Felddaten an, um die Erholung von Waldbeständen nach Bewirtschaftung und natürlichen 

Störungen unter vergangenem und derzeitigem Klima zu untersuchen. Schließlich untersuchte ich 

die Auswirkungen von Klimawandel auf Artendiversität und Waldstruktur in einer weiteren 

Simulationsstudie.  

Ich fand vielfältige Anwendungen von Simulationsmodellen in der Waldresilienzforschung. Am 

häufigsten wurde die Resilienz von Waldbedeckung gegenüber Feuer untersucht. Die 

Implementierung von Prozessen in Modellen variierte stark und ich identifizierte den Bedarf für 

weitere Modellentwicklung. In der zweiten Studie stellte ich fest, dass sich die untersuchten 

Bestände unter historischem und zukünftigem Klima meist von früherer Bewirtschaftung und 

Borkenkäfer erholen konnten. Im Klimawandel änderten sich in der simulierten Waldlandschaft 

jedoch sowohl Baumartendiversität als auch Waldstruktur substanziell.  

Wälder sind meist grundsätzlich resiliente Ökosystem und können sich von Störungen erholen. 

Jedoch stellen die zukünftigen Umweltänderungen eine große Herausforderung für die Resilienz von 

Wäldern dar. Simulationsmodelle sind ein wichtiges Werkzeug um diese Änderungen zu 

untersuchen und weitere Modellentwicklung ist nötig, um Waldresilienz zu verstehen und zu 

fördern.  

Stichwörter: Waldresilienz, Walderholung, Störungen, Klimawandel, Simulationsmodell, iLand, 

Landschaftsmodell, Waldbewirtschaftung, Schutzgebiete, Ökosystemfunktionen 
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drivers acting upon a forest ecosystem at the same time (e.g. climate change and human land use, 

wind and bark beetles), this is an important objective in many research endeavors. 

Many forest simulation models or models applied to forests exist. Each model is built with a certain 

set of assumptions and presumed use cases in mind. This inevitably has an impact on model design, 

and eventually, on which questions can be answered confidently with a certain model. Using models 

in ways they were not built for increases the risk of results being less robust than expected. Model 

choice should be driven primarily by suitability for the question at hand, meaning that the most 

complex model is not always necessarily the best model.  

At the same time, model development is ever ongoing and increasingly complex models are being 

developed. As resilience is being discussed more frequently also outside science, namely in forest 

policy and management (Bone et al., 2016; Newton, 2016; Stephens et al., 2016; Sotirov & Storch, 

2018) research of resilience and resilience modelling efforts arise also from communities other than 

the traditional resilience field, emphasizing the need to properly ground this research in ecological 

theory. This means that a greater variety of models are becoming available to use for resilience 

questions. This increasing diversity in modelling approaches strengthens resilience research. 

However, it requires a lot of diligence in selecting models and judging the suitability and robustness 

of modelling approaches to properly address the increasing challenges forests are facing at present 

and in the future.  

 

2 Objectives 
 

This thesis seeks to contribute to the forest resilience discourse by adding to the knowledge about 

simulation modelling as a tool to understand the resilience of forest ecosystems to the changes in 

environmental and anthropogenic drivers. Additionally, it applies simulation modelling to 

understand the response of Central European mountain forests to climate change and anthropogenic 

impacts in particular. The thesis consists of three chapters addressing these objectives from different 

angles:  

 (1) It highlights new avenues for model development and application to improve the understanding 

of forest resilience by providing a literature review about the use of simulation models in 

investigating forest resilience.  

 (2) In a coupled approach using space-for-time substitution and a forest landscape model, it 

investigates the legacies of human impacts and disturbances on protected, formerly managed forests.  

(3) Finally, looking to the future in a fully model-based study, it tests the influences of climate 

change and the buffering effects of topography in a mountain forest landscape on forest composition 

and structure. 
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3 Materials and methods 
 

The three papers making up this dissertation are thematically and methodically connected and build 

upon each other. Paper I (Appendix A) is a literature review of the use of forest simulation models in 

investigating forests resilience. Paper II (Appendix B) and Paper III (Appendix C) present model 

applications. Paper II uses a combined approach of a chronosequence of field data and a simulation 

model to investigate the recovery from management and disturbance. Paper III is a simulation study 

with multiple topography scenarios to investigate the impact of climate change on forests structure 

and species composition. 

 

3.1 Study landscapes 
The field work and simulation sections of this thesis focuses on two landscapes in the Austrian Alps, 

the Dürrenstein Wilderness Area in Lower Austria (Figure 1, green panels) and the Stubai Valley in 

Tyrol  (Figure 1, blue Panels). 

 

Figure 1: Overview map of study areas presented in this thesis: green panels show the Dürrenstein 

Wilderness area (dots in top green panel are sample plots used in the study), the blue panels show 

the Stubai Valley (brown area is the simulated forest area). Photos by Katharina Albrich (left), 

Rupert Seidl (right)  
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(increasing with elevation from 826 to 1,163 yr-1). The geology of the ST is dominated by 

metarmophic materials (Orthogneiss and Paragneiss) with localized occurrences of limestone. The 

ST exhibits a complex land-use mosaic of forestry, grassland management (including cattle-grazing 

on high elevation pastures) and tourism as well as permanent settlements (Tappeiner et al., 2008). 

Here, I focus on the forested area of the valley, around 4800 hectares of forest in total.  

 

3.2 Methods 

3.2.1 Literature review 
I conducted the literature review using online literature databases (Scopus and Google scholar) with 

a variety of keywords surround resilience topics (see Appendix A for details). After preliminary 

vetting, 119 studies were included in the review. The analysis focused on the types of resilience 

questions that were addressed in these studies, particularly the drivers and responses (to what and of 

what, sensu Carpenter et al., 2001) and which groups of models were used for these studies. The core 

of the review is a catalogue of processes compiled from literature which are deemed important for 

resilience. For each model application, I assessed whether the model included that process or not. A 

detailed description of the literature review can be found in Appendix A.  

 

3.2.2 Field survey 

3.2.2.1 Survey design and data collection 

I  chose a chronosequence approach for which I visited 87 sample plots within the DWA with a field 

team in the summer of 2017, across both the primary forest and formerly managed stands. The 

sampling plot locations were determined by a combination of targeted selection and a sample grid. 

We chose mature stands using historical and current forest maps provided by the DWA 

administration. The chronosequence (or space-for-time) approach is a common method in ecology, 

particularly when working in long-lived systems such as forests, where direct long-term 

observations are difficult to implement. A few considerations need to be taken into account to ensure 

the chronosequence is methodically solid, in particular in choosing the reference end-point of the 

sequence (Pickett, 1989) which here is represented by the primary forest Rothwald. To construct a 

meaningful chronosequence, we were careful to sample across the age strata as well as two elevation 

strata (more sheltered, lower elevation stands with a higher share of conifers and higher elevation 

stands in rougher terrain with a higher share of beech) both within the primary forest and in the 

formerly managed stands. Four of the plots were excluded from the main chronosequence as they 

experienced a recent stand-replacing bark beetle disturbance. They were, however, used for the 

simulation part of the study (see below).  Within the stands, the precise location of the sample plots 

was determined using a sample-grid (100 m distance between points) to avoid bias in selecting the 

sample location while in the field. 
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growing on the landscape, additional seeds can enter the landscape from its borders. In the complex 

topography scenario, only a small area representing the valley entrance acted as seed source, 

mimicking the natural conditions, where the rest of the valley is surrounded by high (currently 

partially glaciated) mountains, not allowing for seed input from these sides. In the uniform scenario, 

the entire surroundings of the landscape acted as a seed source, as could be the case in a flatter, less 

limited landscape. The intermediate scenario was run both with the small and the large seed area. All 

combinations of precipitation scenarios and topography scenarios were simulated 10 times to account 

for stochastic processes in the model. In the analysis, I compared the species composition and 

diameter distribution at each temperature step to analyze the difference between the warming and 

cooling trajectory for each topography and precipitation scenario. A more detailed description of the 

entire set-up and analysis can be found in Appendix C.  
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4 Results 
 

4.1 Use of simulation models in forest resilience research  
We found a diverse array of simulation models being used to investigate forest resilience. They 

range from simple frameworks of differential equations to complex forest landscape simulators or 

Dynamic Global Vegetation Models. While the simpler models are often custom-built for the 

research question at hand, more complex models have usually been developed for other applications 

and subsequently applied to resilience questions. The spatial and temporal extent of model 

applications varied widely, from plot-level to global and from a few years to several millennia. 

Geographically, resilience modelling studies were unevenly distributed, with hotspots in Europe and 

the Americas. The temperate and tropical forest biomes were particularly well represented. The full 

results of the study can be found in Appendix A, in the following I briefly present the two main 

results, focusing on the type of questions being investigated and the representation of important 

resilience processes in models.  

 

4.1.1 Drivers and responses of resilience investigated with forest simulation models 
I grouped all studies by the drivers (resilience to what) and ecosystem responses (resilience of what) 

investigated, which allowed me to more easily compare studies operating under different definitions 

of resilience. The most frequently modelled drivers were fire, climate change and land use, while the 

most frequent responses were forest cover, forest structure, forest functioning, and forest 

composition. The most frequent driver-response combinations were resilience of forest cover to fire 

and resilience of forest functioning to climate change. While a variety of models was used for each 

combination of drivers and responses, there were a few patterns of model applications, particularly in 

relation to forest responses (of what): forest composition, structure and functioning were most 

frequently modelled with forest landscape models, while forest cover was most frequently simulated 

with simpler analytical models. In regards to drivers, fire was most often simulated with forest 

landscape models, climate change with landscape models and Dynamic Global Vegetation Models 

and land use was simulated with a large variety of model types. 

 

4.1.2 Representation of resilience processes in forest simulation models  
I grouped the processes into three groups: regeneration, legacies and soil. Naturally, not all models 

included all processes. Here, I highlight a selected few processes and model components. The full set 

of processes can be found in Appendix A.  

Only 41 % of studies included any regeneration processes. Generally, regeneration was simulated as 

one single process rather than as an emergent property of multiple processes (such as dispersal, 

establishment, seedling growth and survival). Among influences on regeneration success, light 
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availability and reproductive maturity (need for trees to reach a certain age to be able to produce 

propagules) were most frequently considered. Other influences, such as herbivory and competition 

from non-tree vegetation were only rarely considered. Legacy processes were infrequently simulated 

in the studies we found (33 % of model applications). The most frequent type of legacy we found 

were life trees remaining after disturbance. Other legacy types, such as seed banks were infrequently 

considered despite their large importance in certain systems. Soil processes were the most frequently 

implemented group of processes (46 % of model applications). Water availability was the most 

frequent and often only included soil process. Nutrient cycles (mainly nitrogen) were simulated in 

around 20% of model applications. Other soil processes, such as erosion, were included only very 

infrequently. The most detailed representation of soil was found in the models used to address 

resilience to climate change. 

 

4.2. Recovery of mountain forests after management 

4.2.1. Development of newly protected, formerly managed stands 

In the empirical part of the study, I  created a chronosequence from 83 plots (located in formerly 

managed stands as well as stands without any management history) to investigate the development 

after the end of management for nine indicators. The old-growth stands were extremely diverse and 

covered a wide range of indicator values. Formerly managed stands were generally able to return to 

within the old-growth range during the observed chronosequence, with the exceptions of the 

coefficient of variation of diameters (dbh) and conifer share. I  also calculated the share of plots that 

fell within the range (mean plus/minus standard deviation) of old-growth forest. This share was over 

half for all indicators except for conifer share, where only 45% of plots were within the old-growth 

variation. Overall, the formerly managed stands developed to be within the (wide) old-growth range 

over the chronosequence. 

 

4.2.2. Recovery of forests after stand-replacing disturbance  

In the simulation of the stands affected by stand-replacing disturbance, I  found that most of the 

indicators were also recovering to within the old-growth range under current climate over the multi-

century simulation duration with the exception of the regeneration stem number, median height and 

conifer share, which were all higher than in the observed data. So, while a majority of indicators 

recovered to within old-growth range, there was still some difference from the old-growth state even 

after several hundred years of natural forest development under current climate. The full results can 

be found in Appendix B.  
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present in the landscape or because seedlings of those species are for example preferentially browsed 

by ungulates (Ramirez et al., 2018).  

As is evident from the study, topographical factors can play a large role in forest response to climate 

change. Topography can have a buffering effect by providing refuges and sheltered sites for 

regeneration (Hoecker et al., 2020) but can also add additional challenges in making certain stands 

particularly exposed to frequent disturbances (Seidl et al., 2018a) or causing challenges for 

regeneration survival (Hoecker et al., 2020). 

 

5.4. The need for resilient forests and the current state of European forests 
European forests are facing changes in relation both to environmental factors and to societal 

demands. Recent climate change has caused a change in mean annual temperature in Europe of 

between 1.7 and 1.9° C relative to pre-industrial climate (European Environment Agency, 2020) and 

several particularly hot and dry summers in recent years. Disturbance regimes are changing and 

forest mortality is increasing (Senf et al., 2018), with natural disturbances often interacting with 

climate change (Seidl et al., 2017). Both changes in the frequency and severity of disturbances which 

are already part of the established disturbance regime and novel disturbances are challenging the 

resilience of European forests.   

At the same time, society is raising new demands towards forests, from the need for a renewable 

biomass source for the emerging bioeconomy (Wolfslehner et al., 2016; European Commission, 2018) 

to an ever-growing need for forest areas as recreation spaces (Derks et al., 2020). The regulating 

functions of forests in particular will also have increasing importance especially in moderating the 

effects of climate extremes. In particular, forests can contribute to climate regulation both on a 

macro level through carbon sequestration and storage (Luyssaert et al., 2008) and on a local level by 

influencing the local (micro-) climate through evapotranspiration and shading (Frey et al., 2016). 

Forests also contribute to stable water provisioning and disaster protection, which is getting more 

important as extreme weather events become more frequent (Dorren et al., 2004; Kelly et al., 2016; 

Moos et al., 2018).  

Resilient forests are crucial for facing these challenges, particularly when considering the 

uncertainty that comes with changing environmental conditions and disturbance regimes as well as 

changing and increasing societal demands for forest ecosystem services. European forests have been 

shown to be relatively resilient and have been able to recover from disturbances such as bark beetles 

(Petritan et al., 2015; Winter et al., 2015; Senf et al., 2019, Appendix B). However, future changes may 

challenge this resilience considerable (Appendix C). In general, older, less diverse forests seem to 

already be less resilient, highlighting the need to address resilience through management.  
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9 Appendix 
 

A Simulating forest resilience: A review 

B The long way back: Development of Central European mountain forests towards old-

growth conditions after the cessation of management 

C Climate change causes critical transitions and irreversible alterations of mountain forests 

D Academic CV 
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Simulating forest resilience : a review  

Supplementary Materials  S1:  Supplementary results  

   

Figure S 1.1: Publication of studies related to forest resilience modelling over time.   

 

   

Figure S 1.2: Drivers (resilience to what) commonly modelled together.  Red stands for 
primarily anthropogenic drivers, blue for primarily non -anthropogenic.  

 



  

Figure S1. 3: Histogram of simulation duration in years. Durations above 3000 years are 
binned into a single bin (maximum simulation duration was 10000 years).  
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Abstract:  

Questions: Primary forests fulfil  important roles in preserving biodiversity, storing carbon and 

increasing ecological understanding. Yet, they have become very rare in Europe. An important 

policy goal is thus to increase the share of natural forests by creating protected areas in formerly 

managed forests. Here, we investigated (1) if and how such forests return to conditions similar to 

old-growth, and (2) whether recently observed stand-replacing natural disturbances set them onto 

an alternative development pathway. 

Location: Dürrenstein Wilderness Area (IUCN Cat. Ib) in the Austrian Alps, containing the 

Rothwald, one of the last primary forest remnants of Central Europe.  

Methods: We built a chronosequence of 83 plots, spanning 220 years of forest development after the 

cessation of management, and compared it to old-growth forests. We analyzed the recovery of nine 

indicators of forest composition, structure and functioning. To evaluate stand development 

trajectories after recent natural disturbance we used a process-based simulation model.  

Results: Old-growth forests showed a wide range of variability across investigated indicators. 

Forests converged to old-growth conditions after the cessation of management, with seven out of the 

nine indicators investigated falling within the indicator range of old-growth at the end of our 

chronosequence. The variation in tree diameters and the downed deadwood amount were, however, 

still significantly lower than in old-growth forests after 220 years of unmanaged stand development. 

Simulations did not indicate an alternative development pathway of recently disturbed stands.  
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assumption requires that the assessed stands developed under similar conditions, assuming 

stationary driving variables such as climate. However, ongoing climate change and recent 

amplifications in disturbance regimes raise questions about the validity of these assumptions. It 

remains unclear whether forest development in a changing world will still follow successional 

pathways derived from chronosequences, or if alternative pathways will emerge. In particular, are 

the environmental changes of the last decades (e.g. changes in climate, higher atmospheric CO2 levels 

and changes in nutrient availability due to nitrogen deposition) severe enough that stands 

undergoing a reorganization phase after disturbances (Holling & Gunderson 2002) are already on a 

different development pathway? Since these questions cannot be settled by SFT, other approaches 

such as simulation modelling are important to complement chronosequence studies. Simulation 

allows us to assess whether non-stationary driving variables result in altered development 

trajectories and can thus give indications of where space-for-time approaches reach their limits. 

The Dürrenstein Wilderness Area (DWA, IUCN Category Ib) in the Austrian Alps provides an ideal 

setting to investigate natural forest development after the cessation of management, as some parts of 

the landscape have never been managed while others have a varying management history. At the 

heart of the DWA area is the Rothwald forest, one of the few remaining old-growth forests in 

Central Europe. It frequently serves as reference condition for the assessment of natural population 

dynamics (Splechtna et al. 2005), and biogeochemistry (Pietsch & Hasenauer 2006) in Central 

Europe as well as for the development of forest management strategies (Mayer 1987). The protected 

area surrounding the Rothwald was enlarged in several waves, creating a wide gradient in the time 

since the last management intervention and providing a unique opportunity to study forest 

development in SFT approach.  

Using a combination of field-based observations along a chronosequence and process-based forest 

landscape model simulations, we here address the questions (1) do formerly managed forests recover 

towards current old-growth conditions, and (2) do recently observed disturbances initiate alternative 

vegetation development pathways? 

 

2. Material and Methods 

2.1. Study Area 

The Dürrenstein Wilderness Area (DWA) is located in Eastern Austria (47°45'20"N 15°02'10"E). It 

currently encompasses 3,449 hectares of protected area and extends from about 650 m a.s.l. to 1878 

m a.s.l. (top of mount Dürrenstein, Fig. 1). Embedded within the DWA  is the Rothwald, a 460-ha 

old-growth forest. Due to a unique combination of topography (i.e., hampering logging and the 

transport of timber) and ownership history (after multiple ownership changes the area was purchased 

by Albert Rothschild in 1875, who kept the Rothwald unlogged and preserved it as a hunting 

reserve) it was never cut, unlike all the surrounding forests. Starting from this nucleus of old-
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growth, which was first formally protected in 1943 after having been taken from the Rothschild 

family by the National Socialists, the protected area was further expanded in multiple steps, adding 

formerly managed forests from the Austrian Federal Forests as well as the Rothschild family (Pekny 

2012). In the earliest management periods, management can be described as selective cutting of 

conifers. Unlike species with heavier wood, these could be transported by flotation, the primary 

timber transportation strategy at the time. More recent forest management was generally clear-cut 

centered with rotation times of around 100 to 160 years. In some areas, management intensity was 

relatively low due to steepness and accessibility (Pekny 2012; Thom et al. 2018). The entire 

protected area was designated an IUCN Category Ib Protected Area in 2003, with the last wave of 

expansion to its current size in 2013 (Splechtna & Splechtna 2016).  

 

Figure 1: Study area and sample point locations (points, colored by time since management). Photos 

show examples of conditions on sample plots for age classes: a) <100 years since management, b) 

>100 years since management, c) Primary forest. (Photos by Rupert Seidl, Daniel Schraik).  

 

The DWA  is located in the northern Limestone Alps with dolomite and lime stone bedrock. Soils are 

dominated by Rendzinas and relictic loams (Rendzic Leptosols and Chromic Cambisols, Zukrigl et al. 

1963) . The most important tree species are European beech (Fagus sylvatica L.), Norway spruce 
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(Picea abies (L.) H. KARST) and silver fir (Abies alba MILL. ) (Splechtna et al., 2005). The area is 

characterized by a submaritime climate with long winters and short, relatively cool summers. Annual 

precipitation is high (up to 2300 mm) and bimodally distributed, with peaks in summer and in winter 

(Splechtna et al. 2005), resulting in very high snow loads and ample water supply during the 

vegetation period.  

2.2. Data Collection  

In the summer of 2017, 87 sample plots were selected and recorded throughout the wilderness area, 

stratified by time since last management and elevation zone. We furthermore distributed our 

sampling evenly between two distinct site types, namely sheltered, relatively flat low to mid-

elevation forests with higher shares of conifers and forests on steep slopes at higher elevation and 

with higher shares of broadleaves (Splechtna et al. 2005). To establish a chronosequence, time since 

management was derived from historic and current forest management maps and information from 

local managers. Stand age was confirmed via tree core sampling of a dominant tree at each plot. 

Sample plots were established at randomly selected coordinates within stands as 50 m long and 4 m 

wide (200 m²) transects oriented in a 90° angle to slope direction and separated into 50 4 m² subplots 

(Figure S1). All live trees with a DBH >7 cm in the transect were recorded with DBH, species, and 

the subplot they were located in. For dead standing trees diameter, height and decay class were 

recorded. In two 4 m² subplots (one at each end of the transect) regeneration subplots were 

established and the abundance of regeneration was recorded by counting all saplings above 10 cm in 

height. For each transect, four tree heights were measured, one randomly selected dominant tree 

each for conifers and broadleaved trees as well as the tree closest to the center of each regeneration 

subplot. Coarse woody debris was recorded in three 10 m transects originating from the plot center 

and oriented at 120° from each other (following the protocol of the Swiss National Forest Inventory, 

Böhl & Brändli 2007). Hemispheric photographs were taken at the plot center as well as at the center 

of the regeneration subplots by means of a Solariscope (Ing.-Büro Behling 2015) to record light 

conditions. Four plots were located in stands recently disturbed by bark beetles, while for all other 

plots no visual signs of recent disturbance were identified.  

2.3. Statistical Analysis 

From the data collected, a total of nine indicators were extracted, covering aspects of forest 

structure, composition, and functioning (Table 1). All data processing and analysis was performed 

using the R language and environment for statistical computing (R Core Team 2020, R version 

3.6.3). Forest Structure was represented through the coefficient of variation in tree diameters, the 

median tree height, the Total Site Factor as an indicator of forest cover (i.e., the relative amount of 

total sunlight reaching the ground compared to open field conditions (Anderson 1964), and the 

number of saplings (stems with less than 4 m height) per ha. Forest composition was represented by 

the effective tree species number calculated as the exponent of the Shannon Index (Jost 2006), with 
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simulations in the area in previous studies (Thom, Rammer, & Seidl 2017a; Thom, Rammer, & Seidl 

2017b). 

To simulate the development trajectories of recently disturbed plots (n=4) we utilized input data 

from nearby Kalkalpen National Park (located 45 km to the west of the DWA), which has similar 

edaphic and climatic conditions. Soil and climate data were matched to the simulated sites based on 

elevation, aspect and slope. T ime series of historical climate data as well as plant-available nitrogen 

(based on nitrogen deposition data) reaching back to 1905 were developed previously (Thom et al. 

2018). We extended this time series to 1900, the beginning of our simulations for this study, using 

the approach described in Thom et al. (2018). Each sample plot was represented by a one-hectare 

simulation area.  

We first tested the ability of the model to replicate conditions in the DWA  by simulating natural 

forest development for 1000 years under past climate conditions (reference climate period: 1900-

2010), comparing the results to the empirical old-growth data collected from Rothwald forest 

(Appendix Figure S2). We then focused on the recently disturbed bark beetle plots and used the 

model to assess whether these forests will develop to a state similar to the observed old-growth 

forests, or if the environmental changes of the recent past will drive the system to a new state. To 

that end, we replicated each of the simulated one-hectare cells 500 times. We recreated stand history 

by initializing the stands in the year 1900 (the approximate year of the last management 

intervention) with spruce saplings, mimicking the common historic practice of planting spruce after 

clearfelling (Thom et al. 2018). We then simulated the stands for 115 years under historic climate 

conditions and under dynamically simulated bark beetle and wind disturbances (with wind data from 

nearby Kalkalpen national park). The present condition was established by forcing the observed 

stand-replacing disturbance, killing all mature trees and leaving deadwood on site. From this state 

(representing the state of a recovery trajectory from management interrupted by natural 

disturbance), the stands were simulated under stable driver conditions (climate resampled from the 

years 2010-2020) for 700 years. This meant a temperature increase of 1.26 °C, an increase in CO2 

concentration of 105 ppm and an increase of 10 kg ha-1 year-1 in available nitrogen compared to the 

beginning of the simulation, i.e. the stand origin (Table S1). The dynamic disturbance modules for 

bark beetle and wind were used throughout the full simulation period.  

To test whether recently disturbed stands still develop towards reference old-growth conditions in 

our simulations we extracted the same nine indicators from the model which we used in the analysis 

of the field data. We fitted polynomial functions to the temporal development of the simulated 

indicators and compared them to data from old-growth stands of the same site type (higher 

elevations and steeper slopes, 12 plots). We also calculated the share of simulated plots per indicator 

that fell within the range of old-growth conditions (defined as one standard deviation above and 

below the mean of conditions observed at Rothwald forest) for two distinct periods: First, we looked 

at the period between simulation year 200 and 300 (85 to 185 years post disturbance, a similar age 
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91%). Sapling number first increased with stand age and remained fairly stable after ~150 years, 

with 81 % of all chronosequence plots falling within the old-growth variability. 

Species diversity increased in forests >150 years old, and 54 % of the chronosequence plots were 

within the range of variability of old-growth forests. Conifer share decreased sharply with stand age, 

falling below 25% in the oldest stands recorded. 45 % of the chronosequence plots had conifer shares 

that fell within the range of variation of old-growth forests, which was between 4 and 71 %.  

The three carbon pools all showed a weak indication of a hump-shaped relationship with age. The 

variation of carbon stocks in old-growth forests was very large and chronosequence plots were 

largely within this range throughout the entire age range. Carbon in downed coarse woody debris 

was generally lower in chronosequence stands recovering from management compared to old-

growth stands, but 47 % of the chronosequence plots were within old-growth variability. For live 

and snag carbon this rate was 79 % and 94 % respectively.  

 

Figure 3: Forest development across age, derived as a chronosequence of time since last clearcut 

management. The black line shows the mean (polynomial function) with the grey area indicating the 

variation (plus/minus one standard deviation). Grey points are the individual chronosequence plots. 

Green point and lines show the mean and variation (plus/minus one standard deviation) of old-

growth stands.  
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Overall, we found that differences between stands describing a chronosequence after the cessation of 

management and old-growth stands was less pronounced than expected, due to a very high variation 

in old-growth conditions. In general, most indicators showed a development towards old-growth 

over time. The two deviations from this pattern were the variation in tree diameters and the share of 

conifers, for which the trajectories move away from old-growth conditions during our 220-year 

chronosequence. 

3.2. The role of  bark beetle disturbance 

We used simulation modeling to investigate how recent bark beetle disturbance may alter the 

trajectories of stands recovering from management. Recent bark beetle disturbance slowed the 

development to old-growth conditions, but six out of the nine indicators returned to the range of 

current old-growth forests in the simulations. This indicates that the changed environmental 

conditions under which the current disturbances occurred (climate, CO2, nitrogen deposition) are 

unlikely to result in trajectories towards fundamentally different system states. However, post-

disturbance development differed strongly between indicators (Figure 4). While some indicators 

returned to the range of variability of old-growth forests within a few decades after the disturbance, 

some took centuries to recover.  

Tree diameter variation recovered within 200 years after the simulated bark-beetle disturbance. 

Median tree height, however, only slowly approached old-growth conditions and was still outside of 

the range of old-growth variation after 700 years. Total Site Factor recovered quickly with 80 % of 

plots reaching old-growth conditions in the first 100 years. Sapling numbers were higher than the 

observed old-growth values (only 24 % of simulated stands were within the range of old-growth 

conditions by the end of the simulation). Species diversity increased with time since disturbance, and 

was within the observed range of conditions of old-growth forests. Conifer shares declined over the 

simulation but remained higher than the conifer shares observed for old-growth forests. As with the 

development after management, carbon pools were within the range observed for old-growth 

conditions already early in the simulations. For 80 % of stands live carbon was already within the 

range of old-growth values in the first 100 years of the simulation. The trajectories of snag carbon 

and carbon in downed coarse woody debris were similar.  
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Figure 4: The influence of recent bark beetle disturbance on the stand development trajectory after 

the cessation of management, simulated with the forest landscape model iLand. Vertical line indicates 

the occurrence of a stand-replacing bark beetle disturbance (as observed for ~5% of the 

chronosequence plots). The black line shows the mean development of the indicators (polynomial 

function) of simulated stands, with the grey area indicating the variation between replicated 

simulations (plus/minus standard deviation). Grey points indicate individual simulated plots. The 

green point and lines show the mean and variation of observed old-growth plots.   

 

4. Discussion 

Primary forests untouched by human management are becoming increasingly rare. One possible 

action to counter this loss and ensure that the important roles fulfilled by old-growth forests (e.g. 

biodiversity refuge, climate regulation, source of ecological understanding) are sustained is to protect 

formerly managed forest and let them once more develop naturally. How fast a re-convergence to 

old-growth conditions ensues after the cessation of management remains unclear, however, as 

extensive management legacies have been documented in previous studies (Thom et al. 2018). Here 

we combined field observations across old-growth and formerly managed stands with a simulation 
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conservation can emerge already relatively soon after management has ceased, underlining that an 

increase in the protected forest area can contribute to tackling the global loss in biodiversity 

(European Commission 2020). 

We used a chronosequence approach to analyze the long-term development of forest ecosystems, an 

approach that is commonly applied in ecology but also comes with pitfalls (Pickett 1989). In using 

this approach, certain steps must be taken to ensure that the chronosequence is suitable to draw 

conclusions about the questions at hand. A key aspect is to ensure the comparability of the differently 

aged stands regarding environmental drivers. We here ensured this comparability by choosing 

stands in close spatial proximity to each other, controlling for environmental conditions (elevation, 

slope, aspect). Frequently, old-growth stands are not entirely comparable with formerly managed 

stands regarding their environmental drivers (e.g. differences in productivity, which might also 

explain why reference old-growth stands remain untouched by management, Pickett 1989), which 

reduces the inferential power of a chronosequence considerably. We addressed this problem in our 

study by distinguishing two distinct site type, and sampling across them in both the Rothwald forest 

and the formerly managed stands. We selected our chronosequence stands and reference conditions 

with great care and are thus confident that our chronosequence allows meaningful inference on 

forest development.  

Another challenge of applying a chronosequence approach is related to the origin and development 

of formerly managed stands. While we know the approximate time since the last clear-cut (the pre-

dominant management method in the area) from current and historic stand maps (corroborated with 

our own tree cores), regeneration method and potential stand treatments at younger ages is poorly 

documented. We excluded all stands that showed visible signs of silvicultural interventions (e.g. cut 

stumps from tending or thinning operations) in the field and are reasonably certain that stand 

history is comparable across the chronosequence.  

4.2. Resilience of stand development trajectories 

Another major source of uncertainty regarding the chronosequence is rooted in the implicit 

assumption that environmental drivers remain constant during the period covered by the 

chronosequence. This assumption is, however, problematic given the historic changes in climate, 

CO2-levels and nitrogen availability (Eastaugh et al. 2011; Dirnböck et al. 2014). We here used a 

simulation model to test whether disturbances occurring under current conditions (warmer 

temperatures, higher CO2 levels, elevated nitrogen deposition) considerably alter stand development 

and lead to alternative development pathways. We found that even stands disturbed today largely 

recovered to reference old-growth conditions within a few hundred years. This recovery towards a 

reference state that is the result of historical environmental conditions indicates that the mountain 

forest ecosystems assessed here are resilient against the recent changes in environmental drivers. 

However, much stronger changes in climate than those observed already are expected in the coming 





















www.wileyonlinelibrary.com/journal/gcb
mailto:﻿
https://orcid.org/0000-0002-5157-523X
http://creativecommons.org/licenses/by/4.0/
mailto:katharina.albrich@boku.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.15118&domain=pdf&date_stamp=2020-05-08






http://basemap.at
http://copernicus.eu
http://ec.europa.eu
















http://doi.org/10.6084/m9.figshare.12091935
http://www.iland.boku.ac.at
https://orcid.org/0000-0002-5157-523X
https://orcid.org/0000-0002-5157-523X
https://doi.org/10.1890/ES14-00296.1
https://doi.org/10.1111/j.1365-2486.2008.01762.x
https://doi.org/10.1016/j.foreco.2016.10.028
https://doi.org/10.1086/648458
https://doi.org/10.1023/A:1024458411589
https://doi.org/10.1023/A:1024458411589
https://doi.org/10.5751/ES-02029-120123
https://doi.org/10.2307/1942268
https://doi.org/10.1002/ecs2.1941
https://doi.org/10.1111/j.1466-8238.2006.00256.x
https://doi.org/10.1002/joc
https://doi.org/10.3389/fevo.2019.00145


https://doi.org/10.1016/j.agrformet.2018.08.028
https://doi.org/10.1016/j.agrformet.2018.08.028
https://doi.org/10.5751/ES-03025-150105
https://doi.org/10.5751/ES-03025-150105
https://doi.org/10.1016/j.ecocom.2018.06.008
https://doi.org/10.1016/j.ecocom.2018.06.008
https://doi.org/10.1111/gcb.12156
https://doi.org/10.1890/140231
https://doi.org/10.1016/S0378-1127(01)00575-8
https://doi.org/10.1038/s41561-017-0026-z
https://doi.org/10.1038/s41561-017-0026-z
https://doi.org/10.1175/2010JCLI3865.1
https://doi.org/10.1175/2010JCLI3865.1
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1659/MRD-JOURNAL-D-16-00087.1
https://doi.org/10.1002/ecy.2181
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1146/annurev.es.04.110173.000245
https://www.tirol.gv.at/umwelt/wald/schutzwald/waldtypisierung/ergebnisse/
https://www.tirol.gv.at/umwelt/wald/schutzwald/waldtypisierung/ergebnisse/
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1016/j.tree.2018.01.013
https://doi.org/10.1016/S0378-1127(01)00558-8
https://doi.org/10.1002/fee.1311
https://doi.org/10.1139/X10-061
https://doi.org/10.1111/j.1365-2486.2009.02051.x
https://doi.org/10.1016/j.foreco.2009.05.035
https://doi.org/10.1016/j.foreco.2009.05.035
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.1111/j.1466-8238.2011.00686.x
https://doi.org/10.1111/j.1466-8238.2011.00686.x
https://doi.org/10.1016/S0378-1127(97)00026-1
https://doi.org/10.1073/pnas.1511344112
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1111/j.1466-8238.2011.00669.x
https://doi.org/10.1111/conl.12156
https://doi.org/10.1111/conl.12156
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1111/ecog.03491
https://doi.org/10.1016/j.earscirev.2017.12.011
https://doi.org/10.1016/j.earscirev.2017.12.011
https://doi.org/10.1111/1365-2664.12669
https://doi.org/10.1111/1365-2664.12669
https://cran.r-project.org/package=RSQLite
https://cran.r-project.org/package=RSQLite


https://doi.org/10.1007/s40725-020-00110-x
https://doi.org/10.1007/s40725-020-00110-x
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.1038/nclimate2563
https://doi.org/10.1038/nclimate2563
http://www.r-project.org/
https://doi.org/10.1016/j.gloenvcha.2015.10.003
https://doi.org/10.1016/j.tree.2018.04.013
https://doi.org/10.1111/1365-2745.12337
https://doi.org/10.1111/1365-2745.12337
https://doi.org/10.1007/s13595-013-0306-8
https://doi.org/10.1038/s41598-017-14503-9
https://doi.org/10.1038/s41598-017-14503-9
https://doi.org/10.1111/gcb.12038
https://doi.org/10.1023/A:1010738502596
https://doi.org/10.1038/nclimate3109
https://doi.org/10.1146/annurev-ecolsys-112414-054242
https://doi.org/10.1038/35098000
https://doi.org/10.1073/pnas.1219844110
https://doi.org/10.1038/nclimate3013
https://doi.org/10.1111/j.0030-1299.2005.13962.x
https://doi.org/10.1016/j.foreco.2019.03.047
https://doi.org/10.1016/j.foreco.2019.03.047
https://doi.org/10.1007/s10980-016-0396-4
https://doi.org/10.1007/s10980-016-0396-4
https://doi.org/10.1016/j.envsoft.2013.09.018
https://doi.org/10.1016/j.envsoft.2013.09.018
https://doi.org/10.1139/x10-235
https://doi.org/10.1016/j.ecolmodel.2012.02.015
https://doi.org/10.1016/j.ecolmodel.2012.02.015
https://doi.org/10.1890/14-0255.1
https://doi.org/10.1890/14-0255.1
https://doi.org/10.1111/1365-2664.12511
https://doi.org/10.1007/s10021-012-9587-2
https://doi.org/10.1007/s10021-012-9587-2
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1111/gcb.13897
https://doi.org/10.1111/gcb.13897
https://doi.org/10.1007/s10980-015-0173-9
https://doi.org/10.1007/s10980-015-0173-9
https://doi.org/10.1007/s10021-016-0011-1
https://doi.org/10.1007/s10021-016-0011-1
https://doi.org/10.1111/gcb.14408


https://doi.org/10.1111/ele.12889
https://doi.org/10.1073/pnas.1604581113
https://doi.org/10.1007/s10021-008-9195-3
https://doi.org/10.1007/s10021-008-9195-3
https://doi.org/10.1111/gcb.13704
https://doi.org/10.1111/1365-2664.12644
https://doi.org/10.1111/1365-2664.12644
https://doi.org/10.1111/gcb.13506
https://doi.org/10.1111/gcb.13506
https://doi.org/10.1002/ecm.1272
https://doi.org/10.1002/ecm.1272
https://doi.org/10.1007/s10021-016-9999-5
https://doi.org/10.1007/s10021-016-9999-5
https://doi.org/10.1111/1365-2745.12889
https://doi.org/10.1111/1365-2745.12889
https://doi.org/10.1073/pnas.0409902102
https://doi.org/10.1073/pnas.1902841116
https://doi.org/10.1073/pnas.1902841116
https://doi.org/10.1098/rstb.2019.0105
https://doi.org/10.1098/rstb.2019.0105
https://doi.org/10.1007/s10980-012-9741-4
http://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
http://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://doi.org/10.1016/j.tree.2016.09.011
https://doi.org/10.1016/j.tree.2016.09.011
https://doi.org/10.1111/gcb.12398
https://doi.org/10.1890/04-0550
https://doi.org/10.1890/08-1210.1
https://doi.org/10.1038/s41467-019-08348-1
https://doi.org/10.1038/s41467-019-08348-1
https://doi.org/10.5751/ES-01530-110113
https://cran.r-project.org/package=tidyverse
https://doi.org/10.1111/gcb.15118


1 
 

Supplementary Material  S1 for:  

Climate change causes critical transitions and irreversible alterations of mountain 

forests 

Katharina Albrich, Werner Rammer, Rupert Seidl  

1. Evaluation of model performance for the Stubai Valley.  

The model was tested in depth regarding its ability to reproduce vegetation 
patterns following the pattern -oriented modelling approach by Grimm et al. (2005). 
Specifically, we compared model output to inventory data, local yield tables and 
vegetation maps for the study area. We here present selected results of the 
evaluation, relevant for the study at hand. For the full set of evaluations performed 
for the Stu bai valley we  refer to Seidl et al. (2019, supplementary Material ). 

  
Figure S 1.1: Comparison of simulated stand basal area (m 2 ha-1, top left), mean stand dbh 
(cm, top right), standing volume (m 3 ha-1, bottom left), and mean stand height (m, bottom 
right) to reference values from yield tables after 70 years of simulation. n= 150 of randomly 
selected stands distributed throughout the study landscape. Piab= Norway spruce, Lade= 
European larch, Pice= Swis s stone pine (from Seidl et al. 2019) . 
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Figure S 1.2: Simulated forest types of the potential natural vegetation (from Seidl et al. 
2019). 

 

Figure S 1.3: Reference forest types from the local forest type classification (Hotter et al. 
2013, Seidl et al. 2019)  
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Figure S 1.4: Development of succession over 1500 years in the absence of management 
and natural disturbances (Seidl et al. 2019) . 
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2. Intermediate topography scenario  

To further investi gate the effect of topography, we designed a third, intermediate 
topography scenario. For this scenario, we rescaled our climate database so that all 
temperatures fell between the 25 th  and 75 th  percentile of the complex topography scenario 
(averaged over the entire historic climate data record from 1961 -2014). The climate for 
each 1 ha pixel was mapped to the new range using quantile mapping . Soil variables were 
aggregated into larger groups to arrive at a smaller range and lower overall variability. 
We also tested the influence of the external seed area providing seed input in addition to 
mature trees already present on the landscape. This s eed input serves as an important 
source of new species migrating into the landscape under a changing climate. In the case 
of the small seed area scenario, also used in the complex topography scenario (see main 
text), only the forest at the lowest elevation  of the valley are receiving external seed input, 
with mountains and settled areas which surround the rest of the landscape blocking 
external seed input. The large seed area scenario represents equal seed input from all 
edges of the landscape. This seed ar ea scenario was also used for the uniform topography 
scenario.   
In the intermediate topography scenario, we simulated 10 replicates for each combination 
of precipitation change and seed area scenario, resulting in 80 simulation runs.  

Overall, the climate  response of the intermediate topography scenario lay between the 
complex and uniform scenarios, both for the individual indicator changes as well as with 
regard to the occurrence of tipping points (Fig. S 1.5, Fig. S1.6). However, species 
dominance levels differ from the other scenarios at intermediate levels of landscape -scale 
climate and soil variation (Fig. S1 .8). The seed area size mainly influences the variability 
between simulation replicates (higher with small seed area) and hysteresis.  
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Figure S 1.5: The response of forest structure (here described as the number of trees >30 
cm in diameter) to climate warming (red) and subsequent cooling ( purple ) in the 
intermediate topography scenario . Values describe the state of the landscape a fter 1000 
simulation years  (median, 5th and 95th percentile across 10 replicates) and trajectories 
for all simulated replicates are shown. Trajectory lines are fitted using a LOESS model. 
Small seed area refers to external seed only entering from a small area at the  bottom of 
the valley, large seed area means that the entire surrounding of the landscape acts as a 
seed source. 
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Figure S 1.6: The response of forest composition (here described as the share of Norway 
spruce on total basal area) to climate warming (red) and subsequent cooling ( purple ) in 
the intermediate topography scenario . Values describe the state of the landscape after 
1000 simulation years  (median, 5th and 95th percentile across 10 replicates) and 
trajectories for all simulated replicates are shown. Trajectory lines are fitted using a 
LOESS model. Small seed area refers to external seed only entering from a small area at 
the bottom of the v alley, large seed area means that the entire surrounding of the 
landscape acts as a seed source.  
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Figure S 1.7: Simulated forest structure after 1000 simulation years at each temperature 
step (number of stems in DBH classes per ha)  in the intermediate topography scenario.  
Small seed area refers to external seed only entering from a small area at the bottom of 
the valley, large seed area means that the entire surrounding of the landscape acts as a 
seed source. 

 



8 
 

 

Figure S 1.8: Simulated  forest composition after 1000 simulation years at each 
temperature step in the intermediate topography scenario  (basal area for each tree 
species). Species codes: abal=Abies alba, acca=Acer campestre, acpl=A cer platanoides, 
acps=Acer pseudoplatan us, algl=A lnus glutinosa, alin= Alnus incana, alvi=Alnus viridis, 
bepe=Betula pendula, cabe=C arpinus betulus, casa= Castanea sativa, coav=Corylus 
avellana, fasy=Fagus sylvatica, Frex=fraxinus excelsior, lade=Larix decidua, piab=P icea 
abies, pice=Pinus cembra , pini=Pinus nigra, pisy=Pinus sylvestris, poni=Populus nigra, 
potr=Populus tremula, qupe=Quercus petrea, qupu=Quercus pubescens, quro=Quercus 
robur, saca=Salix caprea, soar=Sorbus aria, soau=Sorbus aucuparia, tico=T ilia cordata, 
tipl =Tilia platyphyllos, u lgl=U lmus glabra) . Small seed area refers to external seed only 
entering from a small area at the bottom of the valley, large seed area means that the 
entire surrounding of the landscape acts as a seed source.  
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Figure S 1.9: Location of the forest landscape in structure -composition attractor space for 
different warming levels and the small (a) and large (b) seed area scenarios over all 
precipitation scenarios in the intermediate topography scenario. Marginal plots and 
isolines  indicate the probability density of all simulated cases.  

 

3. Sensitivity to different simulation designs 

3.1. Earlier reversal of climate forcing  

 

Figure S1 .10: The response of forest structure (here described as the number of trees >30 
cm in diameter) to climate warming (red) and subsequent cooling (purple). Shown is one 
simulation trajectory at -20 % precipitation relative to historic climate. The temperature 
forcing is reversed at +4°C relative to historic climate here.  
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Figure S 1.11: The response of forest composition (here described as the share of Norway 
spruce on total basal area) to climate warming (red) and subsequent cooling ( purple ). 
Shown is one simulation trajectory at -20 % precipitation relative to historic climate. The 
temperature forcing was reversed at +4°C relative to historic climate here.  

 

 

Figure S1 .12: Simulated forest structure after 1000 simulation years at each 
temperature step (num ber of stems in DBH classes per ha).  Shown is one simulation at -
20 % precipitation relative to historic climate. The temperature forcing was reversed at 
+4°C relative to historic climate here.  
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Figure S1 .13: Simulated  forest composition after 1000 simulation years at each 
temperature step  (basal area for each tree species). Shown is one simulation at -20 % 
precipitation relative to historic climate. The temperature forcing was reversed at +4°C 
relative to historic clim ate here.  Species codes: abal=Abies alba, acca=Acer campestre, 
acpl=Acer platanoides, acps= Acer pseudoplatanus, algl=A lnus glutinosa, alin= Alnus 
incana, alvi=Alnus viridis, bepe=Betula pendula, cabe=C arpinus betulus, casa= Castanea 
sativa, coav=Corylus avellana, fasy=Fagus sylvatica, Frex=fraxinus excelsior, lade=Larix 
decidua, piab=P icea abies, pice=Pinus cembra, pini=Pinus nigra, pisy=Pinus sylvestris, 
poni=Populus nigra, potr=Populus tremula, qupe=Quercus petrea, qupu=Quercus 
pubescens, quro=Quercus r obur, saca=Salix caprea, soar=Sorbus aria, soau=Sorbus 
aucuparia, tico=T ilia cordata, tipl =Tilia platyphyllos, ulgl=U lmus glabra)  
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3.2. Longer simulation durations at stable temperature  

 

Figure S 1.14: Stem diameter distribution after 1000 simulation years (averaged over the 
simulation years 950 -1000) and 2000 simulation years (averaged over the simulation 
years 1950-2000) at +0°C relative to historic climate. Shown are single runs at baseline 
precipitat ion and -20% precipitation relative to historic climate. Simulations were run 
for a total of 2000 years under historic mean temperature.  

 

 

Figure S 1.15: Comparison of species composition after 1000 simulation years (averaged 
over the simulation years 950 -1000) and 2000 simulation years (averaged over the 
simulation years 1950 -2000) at +0°C relative to historic climate. Shown are single runs 
at baseline precipitation and -20% precipitation relative to historic climate. Simulations 
were run for a total of 20 00 years under historic mean temperature.  
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Figure S 1.16: Stem diameter distribution after 1000 simulation years (averaged over the 
period from 950 -1000) and 2000 simulation years (averaged over the period from 1950 -
2000) at +3°C relative to historic climate. Shown are single runs at baseline precipitation 
and -20% precipitation relative to historic climate. Simulations were run for a total of 
2000 years at +3°C relative to historic climate.  

 

 

Figure S 1.17: Comparison of species composition after 1000 simulation years (averaged 
over the simulation years 950 -1000) and 2000 simulation years (averaged over the 
simulation years 1950 -2000) at +3°C relative to historic climate. Shown are single runs 
at baseline precipitation and -20% precipitation relative to historic climate. Simulations 
were run for a total of 2000 ye ars at +3°C relative to historic climate.  
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Figure S 1.18: Stem diameter distribution after 1000 simulation years (averaged over the 
simulation years 950 -1000) and 2000 simulation years (averaged over the simulation 
years 1950-2000) at +6°C relative to hist oric climate. Shown are single runs at baseline 
precipitation and -20% precipitation relative to historic climate. Simulations were run 
for a total of 2000 years at +3°C relative to historic climate.  

 

 

Figure S 1.19: Comparison of species composition after 1000 simulation years (averaged 
over the simulation years 950 -1000) and 2000 simulation years (averaged over the 
simulation years 1950 -2000) at +6°C relative to historic climate. Shown are single runs 
at baseline pre cipitation and -20% precipitation relative to historic climate. Simulations 
were run for a total of 2000 years at +6°C relative to historic climate.  
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3.3. Bigger increments of warming within 1000 -year time steps  

 

Figure S 1.20: The response of forest structure (here described as the number of trees >30 cm 
in diameter) to climate warming (red) and subsequent cooling (purple). Shown is one 
simulation at -20 % precipitation relative to historic climate. Temperature was raised by 
two degrees each 1000 years. The landscape failed to equilibrate to a 2°C change within 
1000 years, we therefore did not draw the connecting lines.  

 

Figure S 1.21: The response of forest composition (here described as the share of Norway 
spruce on total basal area) to climate warming (red) and subsequent cooling (purple). 
Shown is one simulation at -20 % precipitation relative to historic climate. Temperature 
was rai sed by two degrees each 1000 years. The landscape failed to equilibrate to a 2°C 
change within 1000 years, we therefore did now draw the connecting lines.  
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Figure S 1.22: Simulated forest structure after 1000 simulation years at each 
temperature step (nu mber of stems in DBH classes per ha).  Shown is one simulation at -
20 % precipitation relative to historic climate.  Temperature was raised by two degrees 
each 1000 years. The landscape failed to equilibrate to a 2°C change within 1000 years.  

 

 

Figure S 1.23: Simulated  forest composition after 1000 simulation years at each 
temperature step  (basal area for each tree species). Shown is one simulation at -20 % 
precipitation relative to historic climate. Temperature was raised by two degrees each 
1000 years. The landscape failed to equilibrate to a 2°C change within 1000 years. 
Species codes: abal=Abies alba, acca=Acer campestre, acpl=Acer platanoides, acps=Acer 
pseudoplatanus, algl=Alnus glutinosa, alin=Alnus incana, alvi=Alnus viridis, 
bepe=Betula pendula, cabe= Carpinus betulus, casa=Castanea sativa, coav=Corylus 
avellana, fasy=Fagus sylvatica, Frex=fraxinus excelsior, lade=Larix decidua, piab=Picea 
abies, pice=Pinus cembra, pini=Pinus nigra, pisy=Pinus sylvestris, poni=Populus nigra, 
potr=Populus tremula, qupe=Q uercus petrea, qupu=Quercus pubescens, quro=Quercus 
robur, saca=Salix caprea, soar=Sorbus aria, soau=Sorbus aucuparia, tico=Tilia cordata, 
tipl=Tilia platyphyllos, ulgl=Ulmus glabra)  
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4. Simulation design  

 

Figure S1.24: Sequence of temperature change  (mean change across sampled period)  
during the simulation.   

 

 

 

 

 

 

 

 

 

 



18 
 

5. Sensitivity analysis for alternative  indicator  definitions  

5.1. Forest structure: Varying diameter thresholds  

 

Figure S1.25: Sensitivity to different diameter thresholds used in the definition of the 
forest structure indicator. Shown are thresholds of 20 cm (top left panels), 25 cm (top 
right), 35 cm (bottom left) and 40 cm (bottom right). Lines give the number of trees per 
hectare larger than the respective threshold value.  
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S5.2. Forest composition: Alternative definition of the  indicator  

 

Figure  S1.26: Response to warming when  including additional species (Larix decidua 
and Pinus cembra) in the indicator  used to define forest composition . 
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6. Changes in forest structure and composition    

 

Figure S1.27: Simulated f orest structu re after 1000 simulation years at each 
temperature step (number of stems in DBH classes  per ha). 
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Figure S1.28: Simulated  forest composition after 1000 simulation years at each 
temperature step  (basal area for each tree species). Species codes: abal=Abies alba, 
acca=Acer campestre, acpl=A cer platanoides, acps= Acer pseudoplatanus, algl=A lnus 
glutinosa, alin= Alnus incana, alvi =Alnus viridis, bepe=Betula pendula, cabe=C arpinus 
betulus, casa= Castanea sativa, coav=Corylus avellana, fasy=Fagus sylvatica, 
Frex=fraxinus excelsior, lade=Larix decidua, piab=P icea abies, pice=Pinus cembra, 
pini=Pinus nigra, pisy=Pinus sylvestris, poni=P opulus nigra, potr=Populus tremula, 
qupe=Quercus petrea, qupu=Quercus pubescens, quro=Quercus robur, saca=Salix 
caprea, soar=Sorbus aria, soau=Sorbus aucuparia, tico=T ilia cordata, tipl =Tilia 
platyphyllos, ulgl=U lmus glabra)  
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7. Development of forest composition and structure across elevational bands  

 

Figure S 1.29: Simulated forest structure after 1000 simulation years at each 
temperature step (number of stems in DBH classes per ha  across 300m elevational 
bands. Shown is one simulation  per precipitation scenario . 
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Figure S 1.30: Simulated  forest composition after 1000 simulation years at each 
temperature step  (basal area for each tree species)  across 300m elevational bands . 
Shown is one simulation  per precipitation scenario . Species codes: abal=Abies alba, 

acca=Acer campestre, acpl=A cer platanoides, acps= Acer pseudoplatanus, algl=A lnus 
glutinosa, alin= Alnus incana, alvi=Alnus viridis, bepe=Betula pendula, cabe=C arpinus 
betulus, casa= Castanea sativa, coav=Corylus avellana, fasy =Fagus sylvatica, 
Frex=fraxinus excelsior, lade=Larix decidua, piab=P icea abies, pice=Pinus cembra, 
pini=Pinus nigra, pisy=Pinus sylvestris, poni=Populus nigra, potr=Populus tremula, 
qupe=Quercus petrea, qupu=Quercus pubescens, quro=Quercus robur, saca=Sal ix 
caprea, soar=Sorbus aria, soau=Sorbus aucuparia, tico=T ilia cordata, tipl =Tilia 
platyphyllos, ulgl=U lmus glabra)  
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8: Potential drivers of hysteresis  

Table S1.1: Optimal and minimal temperature for tree growth by tree species as well as 
the difference between these temperature points illustrating the temperature amplitude 
for tree growth of each species.  

Species 
Optimal 

temperature  
(°C) 

Minimal 
temperature  

(°C)   

Amplitud e 
(°C) 

Abies alba  21 0 21 
Acer campestre  24 3 21 
Acer platanoides  24 3 21 
Acer pseudoplatanus  21 3 18 
Alnus glutinosa  20 2 18 
Alnus incana  22 3 19 
Alnus viridis  18 1 17 
Betula pendula  17 0 17 
Carpinus betulus  23 5 18 
Castanea sativa  25 5 20 
Corylus avellana  22 3 19 
Fagus sylvatica  19 3 16 
Fraxinus excelsior  20 3 17 
Larix decidua  19 -1 20 
Picea abies 17 -2 19 
Pinus cembra  11 1 10 
Pinus nigra  25 1 24 
Pinus sylvestris  23 1 22 
Populus nigra  21 2 19 
Populus tremula  21 2 19 
Quercus petraea 23 5 18 
Quercus pubescence 23 5 18 
Quercus robur  23 5 18 
Salix caprea  21 1 20 
Sorbus aria  22 3 19 
Sorbus aucuparia  22 3 19 
Tilia cordata  24 5 19 
Tilia platyphyllos  24 5 19 
Ulmus glabra  24 3 21 
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