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Abstract  

Fire disturbance regimes are an important component of the Earth System as they interact 

with the atmosphere, climate, ecosystems, and human systems. The effects of global change 

on fire regimes worldwide have already become apparent in recent decades and significant 

further alterations are expected. An intensification of fire regimes affecting forests is of 

particular concern due to potential adverse effects on the ecosystem services they provide, 

such as carbon uptake and storage. In Europe, forest fire disturbances have increased over 

the last century, affecting a growing number of countries and important ecosystems, including 

the Alpine region. A further intensification of Central European forest fire regimes due to 

climate change is widely expected. The main objective of the present thesis was therefore to 

assess the sensitivity of Central European fire regimes, represented by two exemplary forest 

landscapes in Germany and Austria, to climatic changes in the RCP4.5 and RCP8.5 scenarios 

throughout the 21st century based on simulations with the forest ecosystem model iLand. The 

findings showed that rising temperatures combined with a decline in snow cover will likely have 

a significant impact on the annual number of fires and the burned area extent in the Central 

European Alpine region during the 21st century under high emissions scenarios, as well as 

under moderate scenarios in some areas. Regions experiencing greater changes in 

temperature and snow cover, while annual precipitation sums remain roughly constant, will 

most likely also experience greater impacts than others. Fuel availability did not occur to be a 

limiting factor for fire occurrence, which might promote larger fires, especially as less 

accessible areas at higher elevations might become increasingly affected. At the same time, 

the number of high-severity fires in the study areas increased only slightly or not at all. Lastly, 

the overall impacts on carbon storage in both study landscapes were small, although individual 

carbon pools were found to be negatively affected during the last 20 years of the century in the 

most extreme scenario. Even though the results of the present study are only conditionally 

generalizable to the larger Central European region, a potential doubling or quadrupling of the 

fire ignition probability in some regions over the course of this century due to climate change 

would lead to heightened risks for ecosystems and people, and likely also to a significant 

increase in already substantial firefighting costs and economic losses.  
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1. Introduction 

Burning approximately 450 Mha per year globally (Rego et al., 2021), fire disturbances do not 

only affect a larger area but also more biomes than any other natural disturbance agent 

(Lavorel et al., 2006). Fire regimes interact with the atmosphere, climate, ecosystems as well 

as human systems and are thus an important component of the Earth System. Ongoing global 

change is therefore also expected to alter current fire regimes worldwide (Bowman et al., 2013; 

Lavorel et al., 2006). In the following, background information will first be provided on the key 

factors that influence fire ignition, fire behavior, and fire regimes, followed by a 

contextualization of fire regimes in the Earth System. In this context, carbon uptake and 

storage as an ecosystem service of forests and recent changes in global fire regimes as a 

result of global change will be briefly discussed. Lastly, an overview of the current state of 

research and the specific research objectives of this thesis follow.  

 

1.1 Factors Influencing Fire Ignition, Fire Behavior, and Fire Regimes 

Several factors on various spatial and temporal scales influence fire disturbances (see Figure 

1). To ignite a fire, oxygen, heat, and fuel are always required. Wildfire risk, ignition probability, 

and fire spread are heavily influenced by prevailing weather conditions (e.g. de Rigo et al., 

2017; Harris et al.; Lavorel et al., 2006; Migliavacca et al., 2013), especially precipitation, 

temperature, relative humidity, and wind conditions on a given day, and resulting fuel moisture 

(Harris et al., 2016; Lavorel et al., 

2006). The characteristics of 

fuels, i.e. biomass affected by 

fire, significantly determine the 

behavior of wildfires and their 

impacts on humans and 

ecosystems. Wildfires are 

therefore commonly classified by 

the predominant fuel type and by 

the fuel layer that sustains their 

spread (ground, surface, or 

crown fires) (Rego et al., 2021). 

Topography is also a decisive 

determinant of fire spread, as 

fires spread faster upslope and at 

greater slope angles. At the 

same time, topography also 

Figure 1: Dominant factors affecting fire at multiple spatial and 
temporal scales. Loops on the sides of the triangles indicate possible 

feedbacks (adapted from Parisien and Moritz (2009)). 
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influences weather and wind conditions as well as fuel availability and characteristics (Rego et 

al., 2021).  

 

Fire regimes, i.e. the spatio-temporal distribution and characteristics of fires in a region over 

an extended period of time (Krebs et al., 2010), are largely controlled by climatic conditions 

(Figure 2, C1), human activities, especially those related to land use (Figure 2, C2) and fire 

ignitions, as well as land cover (Figure 2, C3). Apart from direct impacts of climatic conditions 

on fire occurrence, climatic influences also determine the availability, connectivity, and 

flammability of fuels on longer time scales (Bowman et al., 2013; Harris et al., 2016; Lavorel 

et al., 2006). While a rise in the atmospheric CO2 concentration can stimulate biomass 

production and thus fuel availability in a given ecosystem, changes in climatic conditions, such 

as more frequent drought occurrence, can also reverse this effect (Bowman et al., 2013; 

Winkler et al., 2021). Overall, negative effects are expected to predominate in many 

ecosystems as the CO2 concentration continues to increase (Winkler et al., 2021). In addition, 

land use directly impacts land cover, thus fuel loads and fire regimes. Agricultural practices 

relying on fire for land clearing, for example, or active fire suppression directly control fire 

occurrence (Lavorel et al., 2006; van Butsic et al., 2015). Lastly, the predominant cause of 

ignitions, i.e. ignitions caused by humans or in a natural way by volcanic eruptions or lightning 

strikes, also characterizes the fire regime (Bowman et al., 2013). 

 

1.2 Interactions and Feedbacks Between Fire Regimes and the Earth System 

While interactions of different parts of the Earth System control the occurrence of fires (Figure 

2, FR), they in turn also affect these and other components of the system. On the one hand, 

they influence biophysical and biochemical cycles, which in turn causes positive or negative 

feedbacks on fire occurrence (Figure 2, F1). At the same time, in addition to the direct effects 

on land cover, there is a more indirect feedback on ecosystem function and services and 

thereby potential changes in land use (Figure 2, F2) (Lavorel et al., 2006).  

 

Fire disturbances affect land cover composition by promoting vegetation that is resistant or 

resilient to fire or even depends on fire for its regeneration. This, in turn, can promote fire 

occurrence, creating a positive feedback loop (Lavorel et al., 2006). While these effects occur 

on relatively short time scales, fire-induced changes in nutrient availability can also affect land 

cover over the long term (Figure 2, E1 and C3) (Lavorel et al., 2006). Through these impacts 

on land cover and potential associated changes in albedo, surface temperature, cloud 

formation, and hydrologic processes, fire regimes can also indirectly cause climatic changes 

at regional scales (Figure 2, E5) (Harris et al., 2016; Lavorel et al., 2006). At the same time, 

fire emissions and released aerosols directly influence the chemical composition of the 



3 

 

 

atmosphere and promote increased fire occurrence in the long term by affecting the radiative 

balance and amplifying the greenhouse effect (Bowman et al., 2013; Harris et al., 2016; Lavorel 

et al., 2006). Aerosols can also have a short-term impact on local weather patterns, for 

example through a reduction in precipitation (Rosenfeld, 1999; Tosca et al., 2010) or an 

increase in ignitions from lightning strikes (Altaratz et al., 2010; Lyons et al., 1998). When fire-

related carbon emissions exceed the carbon uptake capacity of the vegetation in a region, a 

carbon sink can ultimately become a carbon source (Figure 2, E2 – 4) (Lavorel et al., 2006). 

Van der Werf et al. (2017) estimated average global carbon emissions from fires during 1997 

– 2016 to be around 2.2 PgC per year, which is roughly equivalent to 19 – 22% of annual 

average anthropogenic carbon emissions during 2011 – 2020, according to recent estimates 

(Friedlingstein et al., 2021). 

 
Figure 2: Relationships among different compartments of the human-environment system involved in fire causes 
(C) and effects (E), which are categorized into one control loop on fire regimes (FR, orange box and arrows) and 
two feedback loops. The first one drives impacts of fire on biophysical and biochemical processes (F1, blue box 
and arrows) and the second one (F2, green box and arrows) consequences of fire for ecosystem services and 
land use. Full arrows indicate topics of direct concern to integrated fire research, while dotted arrows represent 

other important, often indirect effects (adapted from Lavorel et al. (2006)).  

While wildfires are an important natural component of many ecosystems (Bowman et al., 2013; 

Eastaugh & Hasenauer, 2014), aiding their functioning and regeneration (Rego et al., 2021), 

they can also have adverse effects on them. With regard to forests specifically, wildfires 

increase the susceptibility to further disturbances, for example windthrow or bark beetles (M. 

Müller et al., 2020; Seidl et al., 2017). Both positive and negative effects on forest biodiversity 

are possible, largely determined by fire regime intensity and tree species, with some species 

benefitting from open areas after fires and others being negatively affected (M. Müller et al., 

2020; Rego et al., 2021). While newly emerging ecological niches could potentially offset a 
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loss of other species (Moretti et al., 2006), invasive species may also take advantage of them 

(Lonati et al., 2009; Maringer et al., 2012). Fire suppression activities can also promote the 

spread of invasive species, which can lead to slope erosion and pollution of waterways and 

provide new fuel loads, thereby increasing fire frequency and intensity (Bowman et al., 2013). 

In general, positive impacts are expected to diminish with increasing deviation from the natural 

regime (M. Müller et al., 2020; Rego et al., 2021). This concerns both a potential intensification 

of fire regimes due to climatic changes as well as fire suppression measures in naturally 

flammable ecosystems. The latter leads to an accumulation of fuels and thus to an increased 

risk of high-severity, stand-killing fires (Bowman et al., 2013).  

 

The impacts of fire disturbances on ecosystem function also affect the provision of many 

ecosystem services, such as direct forest products or carbon sequestration (Figure 2, E6) 

(Lavorel et al., 2006). Overall, an intensification of wildfire regimes due to climate change is 

expected to have negative impacts on ecosystem function (Bonan, 2008) as well as on the 

provision of essential ecosystem services (Lindner et al., 2010; Turner, 2010), including carbon 

storage (Seidl, Schelhaas, et al., 2014).  

 

While fire is actively used to alter land cover in view of land use changes, non-intentional fires 

can also induce these changes (Figure 2, E7) (Lavorel et al., 2006). In addition, fire regimes 

can induce regulations of, and thus changes in, land use (van Butsic et al., 2015). Lavorel et 

al. (2006) also argue that a feedback exists between ecosystem function and services and 

land use (Figure 2, E8), albeit a less obvious and less researched one. Following a decline in 

or a total loss of ecosystem service provision, reforesting and maintaining the ecosystem in 

question may no longer be economically viable so that a land use change or land abandonment 

may occur (Lavorel et al., 2006). These changes will again affect fire occurrence negatively or 

positively (Figure 2, C2).  

 

1.3 Forests as a Component of the Terrestrial Carbon Sink 

Forests account for nearly half of the terrestrial carbon sink, temperate forests alone for about 

one-tenth (Bonan, 2008). Each year, they absorb a substantial proportion of anthropogenic 

carbon emissions and thus counteract the ongoing increase in the atmospheric CO2 

concentration (Bonan, 2008). This rise likely caused an increase in the entire terrestrial carbon 

sink through positive effects on plant growth and biomass as well as soil organic matter 

towards the end of the last millennium (Walker et al., 2021), an effect that was dominant 

especially in temperate forests (Winkler et al., 2021). However, the findings of Winkler et al. 

(2021) also showed that these effects have been declining since and that negative effects of 

global change are becoming more prevalent in many ecosystems with further increases in the 
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CO2 concentration. At the same time, climatic changes induced by a rise in the amount of CO2 

held in the atmosphere have affected the terrestrial carbon sink negatively (Friedlingstein et 

al., 2021). Friedlingstein et al. (2021) named Central Europe as one of the four most adversely 

impacted regions worldwide in this context. At the same time, forest cover in Europe has 

expanded over the last two centuries, resulting in increased carbon uptake while emissions 

from deforestation continue to rise in many other regions of the world due to ongoing land use 

changes (Friedlingstein et al., 2021). As mentioned before, wildfires release a substantial 

amount of carbon each year. Despite a heightened occurrence of extreme fires in many regions 

in recent years (Friedlingstein et al., 2021), the cumulative global fire area has been steadily 

decreasing for several decades. However, this trend is driven primarily by a decline in fire 

occurrence in savannas, not forests (Andela et al., 2017). Nevertheless, wildfire emissions 

continue to increase on a global scale, reversing the effect of declining global burned area 

extent (Zheng et al., 2021). Despite these negative impacts of climatic change, the terrestrial 

carbon sink has remained relatively stable over the past 60 years and continues to absorb 

about one-third of annual anthropogenic CO2 emissions (Friedlingstein et al., 2021). 

 

1.4 Changes in Global Fire Regimes Due to Climate Change 

Wildfire activity is controlled primarily by prevailing fuel and climatic conditions in a given biome 

(Krawchuk & Moritz, 2011). In regions with high net primary productivity (NPP) and thus high 

fuel availability, such as the (sub)tropics, moisture conditions are the most important controlling 

factor. In areas with high annual precipitation sums, fire occurrence is therefore confined to 

drought spells. On the other hand, fire occurrence is mainly limited by limited fuel availability 

in regions characterized by lower biomass productivity as well as hotter and drier conditions 

(Krawchuk & Moritz, 2011). Overall, regions with medium-high NPP and extended annual dry 

periods are generally most affected (Bowman et al., 2013). Due to regionally varying impacts 

of climate change on temperature and precipitation, the response of fire regimes will also not 

be uniform across the globe. While significant regional alterations are likely to occur in a short 

period of time, with far-reaching impacts on affected ecosystems, fire occurrence may remain 

relatively constant on a global scale in the future (Krawchuk et al., 2009; Moritz et al., 2012). 

Overall, all projections of future fire occurrence are highly uncertain and in many regions, no 

conclusion can be drawn about the direction of development (Krawchuk et al., 2009; Moritz et 

al., 2012). However, it is assumed that there could be an increase in fire probability of more 

than 60% in the mid to high latitudes and a decrease of about 20% in the tropics towards the 

end of the 21st century (Moritz et al., 2012). 

 

Wildfires have been of particular concern in the western United States since the mid-1980s 

when a vast increase in fire activity occurred (Westerling, 2016). In recent years, fire regimes 
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have continued to intensify, with approximately seven additional large fires and 355 km2 of 

burned area each year (Dennison et al., 2014). Reasons for this development include the 

increase in summer and spring temperatures and the resulting earlier onset of snowmelt, which 

has increased the vulnerability of forest areas at higher elevations in particular (Dennison et 

al., 2014; Westerling, 2016). Recent simulation studies project a further increase in fire 

occurrence during the current century. In a study by Hansen et al. (2020), for example, a loss 

of two-thirds of the original forest area occurred in the Grand Teton National Park in Wyoming 

(GTNP) due to an increase in the annual burned area of 1,700% by the end of the century in 

the RCP8.5 scenario1 compared to the reference period from 1989 to 2017, which was 

characterized by a return interval of 45 years. 

 

While background information on fire regimes of all land cover types has been introduced 

previously, the present thesis focuses specifically on fires affecting forest areas in Central 

Europe. Forest disturbances due to wildfires2 have increased in Europe during the 20th century 

(Schelhaas et al., 2003), mainly driven by climatic changes (Seidl et al., 2011). In the past, 

wildfires in Europe have predominantly been confined to the Mediterranean region, in particular 

Portugal, Spain, Italy, Greece, and (Southern) France. These five countries generally alone 

account for an average of 85% of the total annual burned area in Europe. However, other 

European countries have also become increasingly affected (Costa et al., 2020; de Rigo et al., 

2017), especially during the record heat waves and droughts of recent years (San-Miguel-

Ayanz et al., 2019). It is estimated that the area impacted by wildfires in Central and Northern 

Europe in 2018 was nearly 60 times greater than the regional average over the past decade. 

At the same time, a growing number of important ecosystems, such as the Alpine region, have 

been affected (San-Miguel-Ayanz et al., 2019). In 2019, for example, almost half of all fires 

occurred in Natura2000 EU protected regions (San-Miguel-Ayanz et al., 2020). A further 

intensification of Central European wildfire regimes due to climate change is commonly 

expected (e.g. Eastaugh & Hasenauer, 2014; Lindner et al., 2010; Wastl et al., 2012). 

 

1.5 State of Knowledge and Research Gap 

While Schelhaas et al. (2003) showed that the European fire regime had intensified during the 

20th century and Seidl et al. (2011) identified climatic changes as the main reason for the 

increase in burned forest area between 1958 and 2001, current knowledge about future fire 

 
1 The Representative Concentration Pathways (RCPs) are trajectories developed by the 
Intergovernmental Panel on Climate Change to describe potential radiative forcings (in W/m2, indicated 
by the number in each scenario’s name) caused by different concentrations of CO2 in the atmosphere 
by the end of the 21st century (Van Vuuren et al., 2011). 
2 From here on, the terms fire, wildfire, and forest fire are used interchangeably to refer to fires that affect 
forests. 
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regimes in Central Europe under climate change is still limited. However, projecting possible 

responses of wildfire regimes to climate change is critical for developing effective mitigation 

and adaptation measures to minimize potential adverse impacts on ecosystems and humans. 

While wildfire risk in Central Europe is generally expected to increase as a result of climate 

change (Costa et al., 2020; de Rigo et al., 2017), only few simulation studies have been 

conducted to project potential future patterns of actual fire occurrence. Using the Community 

Land Model (CLM) and two different climate projections for the SRES A1B scenario for a 

global-scale study, Kloster et al.’s (2012) simulations showed an increase in fire emissions in 

Central and Northern Europe due to climatic changes, with population changes having almost 

no effect. In a similar study on global wildfire emissions under the RCP4.5 and RCP8.5 

scenarios using the LPJ-GUESS-SIMFIRE global dynamic vegetation-wildfire model, Knorr et 

al. (2016) also found a significant increase in burned area and wildfire emissions in Central 

Europe driven by climatic changes in both scenarios. At the same time, however, this effect 

was largely offset by the negative impacts of climate on fuel load. The net increase in emissions 

in the region, therefore, depended largely on the other two drivers considered in their study, 

namely the CO2 effect and population changes. In a first simulation effort at the continental 

scale, also using the CLM model and SRES A1B scenario but a different parameterization than 

Kloster et al. (2012), Migliavacca et al. (2013) also found a significant increase in fire 

occurrence and burned area extent in Central and Eastern Europe by the end of the century. 

In simulations using both the LPJ-GUESS-SIMFIRE and LPJmL-SPITFIRE models with a 

resolution of 0.5° at continental scale, Wu et al. (2015) observed a significant increase in 

burned area in Central Europe under the RCP2.6 and RCP8.5 scenarios, despite significant 

differences between the models. While the increase in all RCP8.5 simulations and in the 

RCP2.6 simulations using LPJmL-SPITFIRE was mainly due to climatic changes, the effect of 

human population density dominated in the RCP2.6 scenario using LPJ-GUESS-SIMFIRE. 

While none of these studies considered the effect of wildfires on carbon storage, Seidl, 

Schelhaas, et al. (2014) observed a further intensification of European forest disturbance 

regimes by 2030 under a range of different climate scenarios (compared to the second half of 

the last century) in simulations using the EFISCEN and REGIME models, which could lead to 

a reduction in the carbon storage potential of forests of approximately 500 TgC across Europe. 

However, wildfires had a negligible effect on carbon storage in Central Europe in the study. 

Overall, simulation studies with higher spatial resolution focusing on individual areas in Central 

Europe specifically are still lacking and could contribute to a better understanding of potential 

small-scale changes of the regions’ fire regimes under climate change. Given that the 

aforementioned studies mainly showed an increase in wildfire activity in Central Europe toward 

the end of the century, a longer-term study on the region’s carbon storage potential is also 

needed.  



8 

 

 

1.6 Research Objectives and Questions 

The main goal of the present master thesis is to use the wildfire module of the high-resolution 

forest landscape model iLand (short for the individual-based forest landscape and disturbance 

model) in a European context for the first time and to thereby gain insights into potential 

responses of Central European fire regimes to climatic changes throughout the 21st century. 

Two of the European study areas of the Chair of Ecosystem Dynamics and Forest 

Management at the Technical University of Munich (TUM), the Berchtesgaden National Park 

(BGNP) in Germany and the “Bucklige Welt” (BuWe) in Austria, were used for the simulations. 

As a basis for the simulations, the first part of this thesis characterizes the current and historic 

fire regimes of these regions. As present fire regimes are dominated by human activity and the 

resulting fire return intervals are too long to return meaningful results in simulations, estimates 

of historic return intervals for the Holocene were used for the parametrization of the model. 

Thus, this study represents a sensitivity analysis of the potential influence of climate change 

on fire regimes in Central Europe rather than an attempt to accurately project future fire 

occurrence. 

  

More precisely, this thesis will be guided by four research questions:  

(1) What characterizes current and historic wildfire regimes in Central Europe, in particular in 

Germany and Austria?  

(2) How can these findings be leveraged to parameterize iLand's fire module for two exemplary 

forest landscapes in Germany and Austria? 

(3) How sensitively do the fire regimes of these two landscapes respond to climatic changes 

in the RCP4.5 and RCP8.5 scenarios by the end of the 21st century in simulations with the 

iLand model? 

(4) What are the effects of potential changes in the fire regimes on carbon storage in the two 

study landscapes? 
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2. Methods 

To answer the research questions, a literature review and simulations using the iLand model 

were conducted, followed by an analysis of the model outputs in R (see Figure 3). 

 
Figure 3: Flowchart illustrating the workflow of the present thesis. 
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2.1 Literature Review of the Historic and Current Fire Regimes 

The literature review aimed at providing background information on current and historic fire 

regimes in Central Europe, with a focus on Germany and Austria, as well as relevant data for 

the parameterization of the fire module of iLand.  

 

2.1.1 Literature Search and Selection 

For the characterization of the current fire regimes, the databases Web of Science and Scopus 

as well as Google Scholar were used to find academic literature. Keywords for the search 

included “wildfires”, “fire regime”, “forest fires”, “fire frequency”, “fire intervals”, and “return 

intervals”, which were used in combination with terms like “Central Europe” or “European Alps” 

to limit the geographical focus of studies. Due to the small number of relevant results, 

databases and reports released by governmental institutions on the current forest fire 

occurrence at the European level, in Germany, and in Austria were consulted in addition to 

academic literature. However, data availability regarding the spatial and temporal distribution 

of wildfires was still quite limited and most data sources only provided aggregated data for a 

short timeframe and were often incomplete. One of the most comprehensive sources, which 

formed the basis of the assessment, was the WebGIS-based database operated by the 

University of Natural Resources and Life Sciences Vienna (Universität für Bodenkultur Wien 

(BOKU)), which provides information on around 5,000 forest fires in Austria since 1993 

(including the type of fire, date, state and municipality, total burned area in m², cause of fire, 

and the number of fire departments and emergency personnel involved) (Institut für Waldbau, 

2021). In addition, the German Federal Agency for Agriculture and Food (Bundesanstalt für 

Landwirtschaft und Ernährung, BLE) has published an annual report summarizing the number 

of fires and areas burned at the federal and state levels in Germany since 1991. 

 

The previously mentioned scientific databases were also used to find academic literature for 

the characterization of the historic fire regimes. Additional keywords for the search included 

“fire history”, “charcoal”, and “paleoecology”. Only literature focusing on the Holocene, which 

stated specific fire return intervals for a location in the European Alps, was selected. Nine 

relevant studies with 42 return intervals for different time periods and regions were found in 

this search, an overview of which can be found in Table 1. All of these studies inferred fire 

frequency and return intervals from sedimentary charcoal remains (Blarquez et al., 2010; 

Blarquez & Carcaillet, 2010; Carcaillet, 1998; Carcaillet et al., 2009; Colombaroli et al., 2010; 

Genries et al., 2009; Kaltenrieder et al., 2010; Leys et al., 2014; Stähli et al., 2006). 
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Table 1: Overview of studies used to determine historic fire return intervals. 

Study Geographical Focus Time Period Number of 
Return Intervals 

Blarquez and Carcaillet 
(2010) 

Western Italian Alps (Lago 
Perso) and Northern French 
Alps (Lac du Loup) 

8,000 - 0 BP 2 

Blarquez et al. (2010) Western Italian Alps (Lago 
Perso)  

8,000 - 0 BP 3 

Carcaillet (1998) Northern French Alps 
(Aussois and Saint Michel) 

6,750 - 210 BP 12 

Carcaillet et al. (2009) Northern French Alps (Lac du 
Loup, Lac du Thyl, & Lac du 
Lait) 

9,000 - 0 BP 11 

Colombaroli et al. (2010) Central Swiss Alps (Gouille 
Rion) 

10,000 - 0 BP 2 

Genries et al. (2009) Northern French Alps (Lac du 
Thyl) 

9,000 - 5,500 BP 2 

Kaltenrieder et al. (2010) Southern Italian Alps 
(Euganean Hills) 

16,500 – 0 BP 1 

Leys et al. (2014) Dolomites (Lago di Colbricon 
Inferiore) 

12,000 – 0 BP 6 

Stähli et al. (2006) Switzerland (Swiss National 
Park) 

6,000 BC - 1,000 AD 3 

 

2.1.2 Theoretical Framework  

There is currently no established definition for the term fire regime, which is why it often serves 

as an umbrella term for a set of differing parameters. This thesis followed the concept proposed 

by Krebs et al. (2010), according to which a fire regime, in the narrowest sense, is 

Conditions of fire occurrence 
 

Fuel characteristics 
(Quantity, flammability, connectivity, …) 

 
Meteorology 

(Fire weather, …) 
 

Causes of fires 
(Ignition sources, …) 

 
Anthropogenic conditions 

(Fire policy & legislation, prescribed 
fire, burning motives & techniques, …) 

 
Synergisms 

(With logging activities, exceptional 
droughts, …) 

Immediate effects 
 
 

Ecological severity 
(Mortality, depth of burn, …) 

 
Severity for society 

(Cost, damage, victims, …) 

When, Where, Which 
 
 

Temporal distribution 
(Fire return intervals, seasonality, 

duration, …) 
 

Spatial distribution 
(Extent, fire size, shape of fires, ignition 

points, area burned per decade, …) 
 

Fire characteristics 
(Vegetation types, vegetation layer, fire 

behavior, intensity, …) 

Figure 4: Theoretical framework to characterize fire regimes (Adapted from Krebs et al. (2010)). 
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characterized by the temporal and spatial distribution of fires as well as by fire characteristics. 

In addition, in a broader sense, the conditions of fire occurrence and immediate social and 

ecological effects can also be used to define the fire regime (see Figure 4) (Krebs et al., 2010). 

Due to the limited data availability, not all aspects could be covered extensively in the analysis.   

 

2.2 Simulations with iLand 

2.2.1 Study Areas 

Among the Central European study areas of the Chair of Ecosystem Dynamics, the BGNP and 

BuWe (see Figure 5 below) were chosen for this master thesis because they represent different 

climatic conditions in Central Europe, whose fire regimes are expected to be affected 

differently by climate change. This ensured that the results of this master thesis are 

transferable to larger parts of Central Europe.  

 
Figure 5: Approximate location of the two study landscapes BGNP and BuWe in Central Europe (shown as red 

dots) (Basemap: Esri). 

2.2.1.1 Berchtesgaden National Park 

The BGNP in southeastern Bavaria was established in 1978 and covers an area of 20,808 ha. 

It is situated in a transitional zone between oceanic and continental climatic influences. The 

terrain and the considerable difference in altitude of about 2,000 m between the lowest and 

the highest point have significant effects on air masses, temperature, humidity but also on the 

radiation balance. Therefore, a typical mountain climate with a high spatial and temporal 

variability prevails. The altitude-dependent annual mean temperatures range from +7 °C to -2 

°C and the average annual precipitation from 1,500 to 2,600 mm  (Nationalparkverwaltung 

Berchtesgarden, 2001). This climatic variation also results in natural altitude-dependent 

vegetation stages (Nationalparkverwaltung Berchtesgarden, 2001). The timberline is located 
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above 2,000 m above sea level and approximately 8,645 ha are covered by forests (Thom et 

al., 2022). Originally, the lower altitude areas were dominated by submontane mixed beech 

forests while spruce-fir-beech forests were found in montane areas. However, due to past use, 

the composition became more coniferous in many areas (Nationalparkverwaltung 

Berchtesgarden, 2001). Today, the most common tree species at mid-high elevations (as well 

as across the entire landscape) is Norway spruce (Picea abies) while silver fir (Abies alba) and 

European beech (Fagus sylvatica) are predominant at lower elevations. The higher altitudes 

are dominated by Dwarf mountain pine (Pinus mugo), European Larch (Larix decidua), or 

Swiss stone pines (Pinus cembra). Today, the core zone of the BGNP comprises more than 

60% of the total area and is completely excluded from any human interventions. In the 

remaining management zone, only restoration and preventive measures are carried out (Thom 

et al., 2022). Figure 6 below shows the current composition of the landscape as configured in 

iLand. 

 
Figure 6: Initial vegetation composition of the BGNP (Forest type classification based on Thom et al. (2022)’s 

approach). 

2.2.1.2 Bucklige Welt 

The BuWe is located in the eastern Austrian lowlands and covers a total area of about 9,180 

ha at altitudes ranging from 270 to 735 m above sea level, of which about 6,700 ha are forested 

areas. The climate of the study area is warm, subcontinental-Pannonian. In the reference 

period of 1981 – 2010, the annual average temperatures ranged from 7.9 to 9.6 °C and the 

annual precipitation from 640 to 940 mm, with lower temperatures and more precipitation at 

higher altitudes. The forests of the landscape are dominated by Norway spruce (Picea abies), 

which was commonly planted in pure stands in the past, so that its share in the total stand is 

about 45% today (Honkaniemi et al., 2020). Figure 7 below shows the current vegetation 

composition of the BuWe as configured in iLand. 
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Figure 7: Initial vegetation composition of the BuWe (Forest type classification based on Thom et al. (2022)’s 

approach). 

2.2.2 iLand Fire Module 

iLand is a process-based model that simulates forest ecosystem dynamics at the landscape 

level, which was developed by members of the Chair of Ecosystem Dynamics and Forest 

Management at TUM. It simulates competition, growth, mortality, and regeneration of individual 

trees and takes climatic conditions, disturbances, and forest management into account (Seidl 

et al., 2012). In this context, the availability of resources such as light, water, and nutrients is 

determined at the level of so-called resource units (RU) with a default size of 100 m x 100 m 

(Seidl et al., 2012). For an extensive description of the model see Seidl et al. (2012) or Seidl 

and Rammer (2021) for the technical documentation. 

 

iLand also includes a spatially explicit forest fire module, which was initially developed for 

simulations of wildfire regimes in the United States (Seidl, Rammer, & Spies, 2014) and has 

not yet been applied to European landscapes. Wildfires are dynamically simulated at 20 m x 

20 m resolution by the module based on historical fire occurrence and burned area, available 

fuel load (namely surface litter and fallen coarse wood, but not including live fuels and dead 

canopy fuels), and fire weather based on the prevailing drought conditions determined via the 

Keetch-Byram Drought Index (KBDI) (Seidl, Rammer, & Spies, 2014). The key processes 

involved in determining fire ignition, spread, extent, and effects as well as relevant impacts on 

carbon pools and flows are briefly described below. For an extensive description, see Seidl, 

Rammer, and Spies (2014). 

 

Fire ignition. Since fire ignition largely depends on the availability of sufficient fuel, more than 

0.05 kg of fuel biomass per square meter are required to ignite a given cell. The base 
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probability of fire ignition (Pbase ignition, Eq. 1) is determined as the inverse of the historic fire 

return interval (MFRIi) and adjusted by the proportion of the area of the cell (areaj) relative to 

the site-specific average fire size (sizei) (Seidl, Rammer, & Spies, 2014).  

Equation 1: Equation to determine the base ignition probability (Pbase ignition) of a given cell (Seidl, Rammer, & Spies, 2014). 𝑃𝑏𝑎𝑠𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 = 1𝑀𝐹𝑅𝐼𝑖 × 𝑎𝑟𝑒𝑎𝑗𝑠𝑖𝑧𝑒𝑖  
(Eq. 1) 

 

The odds of ignition (oddsignition, Eq. 2) are then further modified to account for fire weather (the 

KBDI) and fire suppression (rmgmt)3. The KBDI reflects the fuel layer moisture deficit with respect 

to an assumed maximum storage capacity of 203 mm (in 1/100 inch), where a value of zero 

represents no drought and the maximum value of 800 represents severe drought (Keetch & 

Byram, 1968; Seidl, Rammer, & Spies, 2014). This value is adjusted daily at RU level for any 

precipitation that has occurred and reached the fuel layer (i.e. excluding interception losses; 

dP, Eq. 2) as well as for a drought factor (dQ, Eq. 2; Keetch & Byram, 1968; Seidl, Rammer, 

& Spies, 2014). The latter is determined based on the daily maximum temperature (Tmax, Eq. 

3) and the mean annual precipitation (MAP, Eq. 3) of the landscape, but is set to zero in case 

of snow cover or a daily maximum temperature of less than 10 °C (Keetch & Byram, 1968; 

Seidl, Rammer, & Spies, 2014).  
Equation 2: Equation to compute the KBDI on a given day (Keetch & Byram, 1968; Seidl, Rammer, & Spies, 2014). 𝐾𝐵𝐷𝐼𝑡 = 𝐾𝐵𝐷𝐼𝑡−1 + 𝑑𝑄 − 𝑑𝑃25.4 × 100 

(Eq. 2) 

 
with the daily drought factor dQ computed as 

 
(Eq. 3) 

Equation 3: Equation to compute the daily drought factor (Keetch & Byram, 1968; Seidl, Rammer, & Spies, 2014). dQ = 10−3 × (800 − (KBDI𝑡−1 − 𝑑𝑃25.4 × 100)) × 0.9676 × 𝑒0.0486×(𝑇𝑚𝑎𝑥×95+32)−8.2991 +  10.88 × 𝑒−0.0441×𝑀𝐴𝑃25.4  

 

In iLand, a relative annual fire weather index of each RU (rcKBDI, Eq. 4) is calculated as the 

ratio of the cumulative annual sum over the daily KBDI values to its maximum value (i.e., 365 

days with a KBDI of 800), thereby also capturing changes in the length of the fire season, 

which would not be the case when determining an average value over a given fire period. The 

ratio of this annual indicator to a previously determined historic reference value (rcKBDIref, Eq. 

4), which reflects the fuel moisture conditions of the historic fire regime, is then used to adjust 

the odds of ignition (Seidl, Rammer, & Spies, 2014).  

 

Equation 4: Equation to determine the odds of fire ignition (oddsignition) in a given cell (Seidl, Rammer, & Spies, 2014). 𝑜𝑑𝑑𝑠𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 = 𝑜𝑑𝑑𝑠𝑏𝑎𝑠𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 × 𝑟𝑐𝐾𝐵𝐷𝐼𝑟𝑐𝐾𝐵𝐷𝐼𝑟𝑒𝑓 × 1𝑟𝑚𝑔𝑚𝑡 (Eq. 4) 

  

 
3 Fire suppression was not considered in the present study and therefore not further elaborated here; 
for a description of the approach, see Seidl, Rammer, and Spies (2014).  
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with  𝑜𝑑𝑑𝑠𝑏𝑎𝑠𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 = 𝑃𝑏𝑎𝑠𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛1 −  𝑃𝑏𝑎𝑠𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 

 
Ultimately, a uniform random number between 0 and 1 is drawn, whereupon a fire ignites in a 

given cell if the drawn number is less than or equal to the probability of ignition (Seidl, Rammer, 

& Spies, 2014).   

 

Fire size and spread. Using a cellular automaton approach, fire spreads dynamically across 

the simulation landscape after ignition. The probability of fire spreading to any of the eight 

adjacent cells is again dependent on sufficient fuel load but also wind and slope (Seidl, 

Rammer, & Spies, 2014). Wind is modeled independently for each fire, with a varying direction 

of ±45° for every fire and speed randomly selected from a previously defined range. Slopes 

are determined based on a digital elevation model (DEM) of the simulation landscape (Seidl, 

Rammer, & Spies, 2014). Transition probabilities can also be further modified to reflect lower 

spread rates of a land type if necessary (see Seidl, Rammer, and Spies (2014)). Actual fire 

spread from a cell is again ultimately decided by a uniform random number. In addition, a fire 

also goes out with a predefined extinguishing probability before spreading further (Seidl, 

Rammer, & Spies, 2014). Fire spread stops either when no further spread is possible (e.g., 

due to fuel limitation) or when the predefined minimum fire size is reached (see below).  

 

To determine the extent of individual fires, a maximum potential fire size is drawn from a 

negative exponential distribution matched to the historical fire regime and individual fire sizes 

(fsize, Eq. 5) between the minimum and maximum size are stochastically established based 

on the previously specified mean fire size (fsizemean, Eq. 5) and a uniform random number (rnd, 

Eq. 5) (Seidl, Rammer, & Spies, 2014). 
Equation 5: Equation to calculate the size of individual fires (fsize) (Seidl, Rammer, & Spies, 2014). 𝑓𝑠𝑖𝑧𝑒 = − ln(𝑟𝑛𝑑) × 𝑓𝑠𝑖𝑧𝑒𝑚𝑒𝑎𝑛 (Eq. 5) 

 

Fire severity. In simulating fire severity, the iLand fire module considers the effects of fuel 

availability and moisture (again based on the KBDI) as well as tree size- and species-specific 

resilience (Seidl, Rammer, & Spies, 2014). The availability and structure of fuels are 

approximated by the detritus pools simulated by the model. The pools are differentiated 

according to their drying rates, with fast-drying fuels such as dead leaves and twigs in the litter 

pool and slower-drying fuels such as larger branches and logs in the downed woody debris 

pool. The fuel available in each pool is determined by its respective moisture conditions (Seidl, 

Rammer, & Spies, 2014).  
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The proportion of crown kill (i.e., tree mortality) during a fire is related to the size of the affected 

trees, their crown shape, and the scorch height, which is estimated using available fuel as a 

proxy for fire intensity (Seidl, Rammer, & Spies, 2014). Equation 6 is used to determine 

individual tree mortality probability (Pmort) from a wildfire event, where bt is the tree’s bark 

thickness (cm) and ck is the proportion of crown kill. The absolute bark thickness is calculated 

from the species-specific parameter barkThickness, which corresponds to the relative 

proportion of bark in the tree diameter at breast height (Seidl, Rammer, & Spies, 2014). 
Equation 6: Equation to determine individual tree mortality probability (Seidl, Rammer, & Spies, 2014). 𝑃𝑚𝑜𝑟𝑡 = 11 +  𝑒−1.466 + 1.91×𝑏𝑡 − 0.1775×𝑏𝑡×𝑏𝑡 − 5.41×𝑐𝑘×𝑐𝑘 

 

(Eq. 6) 

On the other hand, all saplings affected by fire die. When a tree is killed during a fire, the 

foliage, branch, and stem pools are adjusted based on respective consumption rates, and any 

remaining carbon is absorbed into the standing and dead detritus pools. However, for sapling 

layer trees, it is added to the litter pool. Within the fire perimeter, it is also assumed that a small 

amount of soil organic matter will be lost because of erosion and that seeds will not be able to 

establish in the same year of a fire (Seidl, Rammer, & Spies, 2014).  

 

Carbon flows. Gross primary production (GPP) in iLand is derived monthly at RU-level based 

on a radiation use efficiency approach as the product of utilizable photosynthetic active 

radiation and effective radiation use efficiency (Seidl et al., 2012). The approach accounts for 

radiation interception by individual trees based on their leaf area, position in the canopy, and 

radiation use strategy, and thus for competition between trees, as well as different 

environmental influences on individual species. The decreasing productivity potential of 

individual trees with increasing age is also considered by including the current age and height 

relative to the respective maxima of each species (see Seidl et al. (2012) for more details).  

 

Net primary production (NPP, Eq. 7) is derived from the GPP in a simplified manner, assuming 

a constant proportion of autotrophic respiration (Ra, Eq. 7) (Seidl et al., 2012). 
Equation 7: Equation to derive NPP from GPP (Seidl et al., 2012). 𝑁𝑃𝑃 = 𝐺𝑃𝑃 ×  𝑅𝑎 (Eq. 7) 
 

Net ecosystem productivity (NEP, Eq. 8) is finally calculated from NPP by subtracting the 

absolute amounts of heterotrophic respiration (Rh, Eq. 8), disturbance losses, and, if relevant, 

management losses (Seidl et al., 2012).  
Equation 8: Equation to derive NEP from NPP (Seidl et al., 2012). 𝑁𝐸𝑃 = 𝑁𝑃𝑃 −  𝑅ℎ −  𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 −  𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 𝑙𝑜𝑠𝑠𝑒𝑠 (Eq. 8) 
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2.2.2.1 Parameterization  

2.2.2.1.1 Initial Landscape Setup and Climate Data  

The initial state of the vegetation of both landscapes had already been configured for earlier 

studies and was kept unchanged for the present thesis. Similarly, this study also used the 

same climate data for the climate change scenarios under RCP4.5 and RCP8.5 forcing (see 

Table 2 for details). All details on the parametrization of these sections of the model can be 

found in Thom et al. (2022) for the BGNP and Honkaniemi et al. (2020) for the BuWe. Only the 

changes in temperatures and precipitation under the climate change scenarios as well as the 

parameters for the additional parametrization of the fire module will be described in the 

following.  

 

Table 2: Overview of the GCM-RCM combinations from which the climate model data were obtained 
(Honkaniemi et al., 2020; Thom et al., 2022). 

Study Area Climate Scenario Climate Model Data (GCM-RCM Combinations) 

BGNP RCP4.5 ICHEC-EC-EARTH_r12i1p1 and CLMcom-CCLM4-8-17 
ICHEC-EC-EARTH_r12i1p1 and KNMI-RACMO22E 
ICHEC-EC-EARTH_r12i1p1 and SMHI-RCA4 
ICHEC-EC-EARTH_r12i1p1 and KNMI-RACMO22E 
MPI-M-MPI-ESM-LR_r1i1p1 and CLMcom-CCLM4-8-17 
MPI-M-MPI-ESM-LR_r1i1p1 and SMHI-RCA4 

RCP8.5 ICHEC-EC-EARTH_r12i1p1 and CLMcom-CCLM4-8-17 
ICHEC-EC-EARTH_r12i1p1 and KNMI-RAQMO22E 
ICHEC-EC-EARTH_r12i1p1 and SMHI-RCA4 
ICHEC-EC-EARTH_r12i1p1 and KNMI-RACMO22E 
MIROC-MIROC5_r1i1p1 and CLMcom-CCLM4-8-17 
MOHC-HadGEM2-ES_r1i1p1 and UHOH-WRF361H 
MPI-M-MPI-ESM-LR_r1i1p1 and CLMcom-CCLM4-8-17 
MPI-M-MPI-ESM-LR_r1i1p1 and SMHI-RCA4 
MPI-M-MPI-ESM-LR_r1i1p1 and UHOH-WRF361H 

BuWe RCP4.5 EC-EARTH and KNMI-RACMO22E 

RCP8.5 EC-EARTH and KNMI-RACMO22E 
IPSL-CM5A-MR and IPSL-INERISWRF331F 
HadGEM2-ES and CLMcom-CCLM4-8-17 

 

As shown in Figure 8 below, both annual precipitation sums (solid lines) and summer 

precipitation in the months of June, July, and August (dashed lines) remain relatively constant 

in both landscapes and all climate scenarios until the end of the century. In contrast, there is 

an increase in minimum and maximum temperatures in both landscapes, especially in the 

second half of the century, which is stronger in the RCP8.5 than in the RCP4.5 scenario (see 

Figure 9). With regard to summer temperatures, this trend is even more pronounced in the 

BGNP, but less so in the BuWe. Despite the stronger increase in temperatures in the BGNP, 
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the maximum temperatures in the BuWe remain significantly higher than those in the BGNP in 

all scenarios until the end of the century.  
 

 
Figure 8: Development of average annual and summer precipitation sums across the BGNP (first column) and 
BuWe (second column) landscapes under the different climate scenarios. Solid lines show annual precipitation 

sums while dash-dotted lines represent summer precipitation sums in the months June, July, and August. 

 
Figure 9: Development of average annual (first line) and summer (second line) minimum and maximum 

temperatures across the BGNP (first column) and BuWe (second column) landscapes under the different climate 
scenarios. Annual minimum (dash-dotted lines) and maximum (solid lines) temperatures are shown in the first 

line, while the second line displays the minimum (dotted lines) and maximum (dashed lines) summer 
temperatures in the months of June, July, and August. 
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2.2.2.1.1 Fire Module Parameters 

The parameters of the iLand fire module and the selected values for the present thesis are 

summarized in Table 3 below. The most essential parameters used to characterize the initial 

fire regime of the study areas are the fire return intervals as well as the minimum, mean, and 

maximum fire sizes. The fire return intervals were determined from the nine studies previously 

summarized in Table 1. The assumption was made that the mean return interval across all 

locations is transferable to the two study areas. However, to better cover the wide range of 

intervals and to appropriately address the associated large uncertainty, simulations were also 

run with the lowest and highest of the 42 values. 

 

Table 3: Overview of the fire module parameters. 

 Parameter Key Description Unit Value(s) Source 

F
ire

 ig
ni

tio
n

 

fireReturnInterval Average number of 
years between two fires 
affecting a single pixel. 

years min 124 Blarquez et al. (2010), 
Blarquez and Carcaillet 
(2010), Carcaillet 
(1998), Carcaillet et al. 
(2009), Colombaroli et 
al. (2010), Genries et 
al. (2009), Kaltenrieder 
et al. (2010), Leys et 
al. (2014), Stähli et al. 
(2006) 
 

mean 534  

max 1,520 

rFireSuppression Scalar for fire 
suppression. 

 1 Default value 

F
ire

 s
pr

ea
d

 

averageFireSize Average fire size. m2 235,009 Senf and Seidl (2021) 

minFireSize Minimum fire size. m2 11,700 Senf and Seidl (2021) 

maxFireSize Maximum fire size. m2 2,773,800 Senf and Seidl (2021) 

rLand Multiplier for the fire 
spread probability. If 
below 1 (or 100%), fire 
spreads with a reduced 
probability. 

% 100 Default value 

FireExtinctionProbability Probability that a fire on 
a burning pixel will go 
out without spreading 
further. 

% 34 Hansen et al. (2020), 
validated through 
testing  

F
ue

l 

fuelKFC1 Parameter kfC1 for 
calculation of fuel 
amount using 
compartment specific 
moisture relations. 

 0.75 Default value 
(outdated)4 

fuelKFC2 Parameter kfC2 for 
calculation of fuel 
amount using 
compartment specific 
moisture relations. 

 0.75 Default value 
(outdated)4 

 
4 In the provided templates of the project files, wrong values were given for the three fuel parameters. 
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fuelKFC3 Parameter kfC3 for 
calculation of fuel 
amount using 
compartment specific 
moisture relations. 

 0.75 Default value 
(outdated)4 

W
in

d 

speedMin Minimum wind speed. m/s 10 This study 

speedMax Maximum wind speed. 
The wind speed is 
randomly selected 
between the minimum 
and maximum for each 
fire event. 

m/s 20 This study 

direction Main wind direction (in 
degrees). North=0, 
East=90, South=180, 
West=270. For each fire 
event the wind direction 
is calculated as direction 
+- 45°. 

m/s 270 This study 
 

M
or

ta
lit

y 

crownKill1 Parameter kCK1 to 
calculate fraction of 
crown kill.  

% 0.21111 Default value 

crownKill2 Parameter kCK2 to 
calculate fraction of 
crown kill. 

% -0.00445 Default value 

crownKillDbh Dbh-threshold 
(dbh_thres) used in 
crown kill calculations. 

cm 40 Default value 

burnSOMFraction Fraction of SOM 
biomass that is 
assumed to be lost by a 
fire. 

% 2 Hansen et al. (2020) 

burnStemFraction Fraction of stem 
biomass of died trees 
that is combusted. 

% 11 Hansen et al. (2020) 

burnBranchFraction Fraction of branch 
biomass of died trees 
that is combusted. 

% 51 Hansen et al. (2020) 

burnFoliageFraction Fraction of foliage 
biomass of died trees 
that is combusted. 

% 90 Hansen et al. (2020) 

 

The minimum, mean, and maximum fire sizes were calculated from Senf and Seidl (2021)’s 

dataset covering forest disturbance events in Europe. With regard to the fire extinction 

probability, values from previous studies focusing on different study areas in the United States 

were obtained and tested for the best reproduction of the historical return interval and realistic 

fire shapes, whereupon the value of 0.34 based on a study by Hansen et al. (2020) was 

chosen.  For all other parameters, either the default value or a predetermined value was used.  
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Additional parameters relevant for the simulation of wildfires in iLand are site and RU-specific 

reference values for the KBDI index and the mean annual precipitation. Annual values for both 

parameters were first simulated in iLand based on historical climate data from 1981 - 2010 for 

each RU in each landscape and then averaged to determine one historic reference value for 

each parameter and RU. In addition, bark thickness parameters had not been determined for 

the European tree species configured in iLand. They were calculated based on the 

Schönbrunn bark removal table (Schönbrunner Rindenabzugstabelle (WaldSchweiz, 2021)) 

as averages across all diameters to represent the entire life cycle and can be found in Table 

4.  

 

Table 4: Mean bark thickness as the proportion of the diameter at breast height of all European tree 
species configured in iLand (based on WaldSchweiz (2021)).  

Short name Name Bark thickness 

piab Picea abies 0.102 

abal Abies alba 0.125 

lade Larix decidua 0.216 

pisy Pinus sylvestris 0.107 

fasy Fagus sylvatica 0.072 
quro Quercus robur 0.167 

acps Acer pseudoplatanus 0.094 

frex Fraxinus excelsior 0.128 

cabe Carpinus betulus 0.072 

bepe Betula pendula 0.128 

alin Alnus incana 0.094 

qupe Quercus petraea 0.167 

psme Pseudotsuga menzisii 0.129 

algl Alnus glutinosa 0.094 

casa Castanea sativa 0.094 

pini Pinus nigra 0.107 

acca Acer campestre 0.094 
acpl Acer platanoides 0.094 

qupu Quercus pubescence 0.167 

pice Pinus cembra 0.107 

soau Sorbus aucuparia 0.072 

soar Sorbus aria 0.072 

coav Corylus avellana 0.128 

alvi Alnus viridis 0.094 

potr Populus tremula 0.167 

poni Populus nigra 0.167 

tico Tilia cordata 0.128 

tipl Tilia platyphyllos 0.128 

ulgl Ulmus glabra 0.128 
saca Salix caprea 0.094 

rops Robinia pseudoacacia 0.167 

pimu Pinus mugo 0.107 
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2.2.2.2 Model Validation 

Before starting the simulations, the model’s ability to reproduce the return intervals was 

evaluated based on 300-year simulations in iLand with the historic climate data of both 

landscapes. For this purpose, the simulated return intervals were calculated based on the 

burned area modeled by iLand, with the interval corresponding to the number of years that 

passed until the cumulative annual burned area equaled the total forested area of the 

respective study area. During the evaluation, it became clear that the fire module 

overestimated the forest area in the BGNP by about 1,000 ha. The reason for this mismatch 

is that in recent European iLand studies, not all RUs are considered to be fully stockable. 

Consequently, the iLand fire module was updated to incorporate also only partially stockable 

cells. However, an adjusted value of 9,500 ha instead of 8,645 ha was still used in calculations 

for BGNP where the total forest area played a role. Taking these corrections into account, the 

model's reproduction of the given return intervals was satisfactory. In addition, the severity of 

the simulated fires was analyzed, showing sufficient agreement with the results of Dupire et al. 

(2019) on the mortality of forests with different compositions and in biogeographic zones. 

 

2.2.2.3 Simulation Design 

All simulated scenarios, which are summarized in Table 5 below, were based on the current 

landscape composition of the two study areas and simulated for the entire 21st century.  

 

Table 5: Overview of all simulated scenarios. 

Study Area Fire Return Interval Climate Scenario Scenario 

BGNP 
 

124 
 

Historical BGNP-124-HIST 

RCP4.5 BGNP-124-RCP45 

RCP8.5 BGNP-124-RCP85 

534 Historical BGNP-534-HIST 

RCP4.5 BGNP-534-RCP45 

RCP8.5 BGNP-534-RCP85 

1,520 Historical BGNP-1520-HIST 

RCP4.5 BGNP-1520-RCP45 
RCP8.5 BGNP-1520-RCP85 

BuWe 
 

124 
 

Historical BuWe-124-HIST 
RCP4.5 BuWe-124-RCP45 

RCP8.5 BuWe-124-RCP85 

534 
 

Historical BuWe-534-HIST 

RCP4.5 BuWe-534-RCP45 

RCP8.5 BuWe-534-RCP85 

1,520 
 

Historical BuWe-1520-HIST 

RCP4.5 BuWe-1520-RCP45 

RCP8.5 BuWe-1520-RCP85 
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Management activities in the BuWe were not included in the simulations so that the fire 

intervals could be simulated without potential interference from human activities and to ensure 

better comparability of the two study areas. Thus, the simulated scenarios differed only in terms 

of the fire return intervals and climatic conditions. For both study areas, a baseline scenario 

with historical climate conditions (corresponding to the years 1981 – 2010) and two climate 

scenarios, the intermediate RCP4.5 and the high emissions RCP8.5 scenario, were simulated 

for the three different fire return intervals listed before in Table 4. Each of the nine scenarios 

for each landscape was simulated 10 times to account for the stochasticity of the processes. 

In addition, a reference simulation without any fire occurrence was run for both landscapes 

and all three climate scenarios. Thus, 186 model runs were performed in total. 

 

2.2.3 Analysis of Model Outputs  

In general, the analysis of all model outputs followed a similar process: outputs were first read 

into the R environment (R Core Team, 2020) using either the package RSQLite (K. Müller et 

al., 2021) or raster (Hijmans, 2022) depending on the file format, where they were then 

filtered for relevant variables, organized and aggregated by scenario, and analyzed with the R 

package tidyverse (Wickham, 2021). The packages ggplot2 (Wickham et al., 2021), gghighlight 

(Yutani, 2021), ggpubr (Kassambara, 2020), and RColorBrewer (Neuwirth, 2014) were utilized 

to visualize results. 

 

To answer the third research question, variables were analyzed in the three areas “spatio-

temporal distribution and fire characteristics”, “conditions of fire occurrence” as well as 

“immediate effects” (see section 2.1.2), mainly focusing on the averages over the ten iterations 

per scenario to achieve more robust results. The period to which the analyses refer is always 

indicated, but in most cases, it corresponded to either to the simulation years 20 – 100 (also 

referred to as future period) or the years 80 – 100 (referred to as EOC period). To ensure 

comparability between landscapes, values relative to each site’s baseline scenario with historic 

climate conditions but also relative to other site-specific characteristics, such as the total 

forested area, were determined where necessary. 

 

The first section focused mainly on analyzing the “fire” output of iLand, more precisely the 

annual number of fires and annual burned area extent (mostly relative to the total landscape 

area). To determine whether differences in the annual number of fires and the annual burned 

area extent between the climate change scenarios and the baseline scenario were statistically 

significant, the two-sided, paired Wilcoxon test (Wilcoxon, 1945) was employed using the base 

R function wilcox.test(). It is a non-parametric test, i.e., not requiring a normal distribution of 

the data, and was chosen after not-normal distributions of the data were confirmed using a 
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Shapiro-Wilk normality test (Royston, 1982). To then assess if the annual number of fires and 

burned area followed a certain trend over the simulation period, Mann-Kendall (MK) (Kendall, 

1975; Mann, 1945) and Sen’s Slope tests (Sen, 1968) were employed using the Kendall 

(McLeod, 2011) and trend (Pohlert, 2020) R packages, respectively. The statistical MK test is 

commonly used to detect trends in climatic or hydrologic time series (Hamed & Ramachandra 

Rao, 1998) but has also been used to analyze fire regimes (e.g. Jiménez-Ruano et al., 2017; 

Salguero et al., 2020). It is also a non-parametric test and operates based on the null 

hypothesis that no trend exists in a given time series. The standard MK test requires the input 

data not to be serially autocorrelated (Hamed & Ramachandra Rao, 1998), which was 

confirmed also using the Kendall package. The significance level was defined at α = 0.05. The 

MK tau values ranging from -1 to +1 indicate if the trend is negative or positive, with larger 

values reflecting more consistent trends (Kendall, 1975; Mann, 1945). The Sen’s Slope test, 

on the other hand, indicates the magnitude of a trend (Sen, 1968). It was used to further define 

the previously identified significant trends at a 95% confidence interval.  

 

Future return intervals were calculated based on the mean annual burned area extent, the 

same way as during the model evaluation. They were then put in relation to the simulated 

historical interval in each scenario to account for the deviations between the simulated intervals 

and the input intervals. Lastly, the annual number of fires per RU in each study landscape and 

iteration were extracted from iLand in raster files but spatial patterns were analyzed only for 

the minimum return intervals since clusters were more obvious due to the greater number of 

fires compared to the longer intervals. 

 

The second part of the analysis focused on anomalies in fuel moisture conditions under the 

climate change scenarios, as represented by the KBDI as well as causes of these anomalies.   

First, the average annual KBDI of each RU in the simulation years 80 – 100 was determined 

and then put in relation to the RU's historical reference KBDI. In addition, the deviation of the 

number of snow cover days during the same period from historical conditions was determined, 

since these have a significant influence on the fuel moisture conditions. The annual number of 

snow cover days is given in the iLand "water" output. Lastly, the relationship between the 

annual average KBDI at the landscape level and the number of fires in the same year was 

analyzed based on a scatterplot. 

 

The third part of the analysis addressed post-fire tree mortality, resulting fire severity, and 

influences on carbon fluxes and storage. Mortality rates for each fire were calculated based on 

the number of trees that died during the fire relative to the total number of trees affected. Fire 

severity was classified as low if the mortality rate was below 30%, medium if it was between 
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30% and 80%, and high if it was above 80%. After the annual number of fires in each class 

and iteration was determined, an annual average was computed over the ten iterations.  

 

Ultimately, the “carbon” and “carbonflow” outputs were analyzed with a focus on disturbance 

losses, NEP, and carbon pools to answer the third research question. Here, the focus was on 

quantifying the relationship between carbon losses caused by fire disturbances and NEP. 

Since a non-normal distribution of the data was determined with the Shapiro-Wilk normality 

test, the non-parametric Kendall's tau test was employed for the analysis, using the R basis 

function cor.test(). 
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3. Results 

3.1 Historic Fire Regime 

To date, knowledge of historic fire regimes in the study areas is very limited. However, historic 

forest fire occurrence in other parts of the Central European Alpine region has been researched 

more extensively, in some cases as far back as 16,500 years ago (see Table 1). A summary 

of these research findings will be presented below, assuming that these regime characteristics 

are also broadly transferable to the study areas. 

 

3.1.1 Spatio-Temporal Distribution and Fire Characteristics 

The historic temporal distribution of wildfires and resulting return intervals have been 

reconstructed from sedimentary charcoal remains for locations in the Northern French Alps, 

the Western, Southern, and Northern Italian Alps as well as the Swiss Alps (see Table 1 for 

more details). The range of these return intervals from 124 to 1,520 years is very wide (see 

Table 3) as they represent a variety of fire regimes due to the large reference time span and 

different study areas, and thus different climatic conditions, prevailing vegetation compositions, 

and varying influence of human activities. These conditions will be discussed in more detail in 

the following subsection. In addition to the temporal aspects, there were also small-scale 

spatial differences in the fire regimes of individual regions, with lower fire occurrence at higher 

elevations and on northern slopes (Carcaillet et al., 2009; Colombaroli et al., 2010). Stähli et 

al. (2006) also analyzed the fire regimes of different forest types, namely mountain pine forests, 

mixed forests, and Norway spruce forests. The frequency of fires in mountain pine forests was 

about 2.5 times higher than in Norway spruce and mixed forests. However, while they 

characterized fire intensity in their mountain pine-dominated study area as moderate, reflecting 

a mix of surface and crown fires, they assumed that individual fires were more severe in the 

Norway spruce forests (Stähli et al., 2006). The other studies did not provide information on 

the intensity of the fire regimes or specific return intervals for certain vegetation types. 

 

3.1.2 Conditions of Fire Occurrence 

There is agreement among the analyzed studies that natural fire regimes prevailed in the Alps 

during the early Holocene, driven mainly by climatic, vegetation and thus fuel conditions 

(Carcaillet, 1998; Carcaillet et al., 2009; Colombaroli et al., 2010; Kaltenrieder et al., 2010; 

Stähli et al., 2006). Typically, the first fires in the Alps occurred naturally a few decades or 

centuries after the original forestation, because woody vegetation was always necessary as 

fuel, regardless of climatic conditions (Leys et al., 2014). In general, however, the occurrence 

of forest fires was driven to a significant degree by the moisture content of the fuel, as this 

affected its flammability, but also its general availability, leading to an increased occurrence of 

fires under warm and dry conditions (Carcaillet, 1998; Colombaroli et al., 2010; Stähli et al., 
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2006). In turn, Blarquez et al. (2010) found that the presence of these conditions over an 

extended period of time - nearly 3,000 years in the study – actually lead to a low incidence of 

fire because it inhibited the accumulation of fuel, while periods characterized by more 

precipitation resulted in a higher number of fires.  

 

In addition, species richness (Blarquez et al., 2010) as well as the presence of certain key 

species (Blarquez & Carcaillet, 2010; Carcaillet, 1998; Carcaillet et al., 2009; Genries et al., 

2009; Leys et al., 2014) promoted more intense fire regimes. Several of the studies identified 

Pinus cembra as a key species providing flammable biomass as fuel for wildfires so that forests 

dominated by this species were more likely to experience fires than those with a different 

vegetation composition (Blarquez & Carcaillet, 2010; Carcaillet et al., 2009; Genries et al., 

2009). Similarly, Pinus mugo promoted wildfire spread through its high flammability and dense 

canopy, which may have also increased fuel connectivity across landscapes (Leys et al., 

2014). Leys et al. (2014) estimated the influence of this tree species to be substantial enough 

to offset the fire-limiting effects of the wet climate in the Dolomites. 

 

Locally, differences between fire regimes were also driven by topography, slope, and elevation 

(Carcaillet et al., 2009; Colombaroli et al., 2010). Independent of the presented drivers, the 

ignition of natural forest fires occurred mainly through lightning strikes (Carcaillet, 1998).  

 

Several of the studies detected changes in the fire regimes that were most likely due to human 

activity starting in the Neolithic period around 8,000 years ago, which influenced not only 

vegetation composition due to the cultivation of certain plants but also local fire regimes directly 

(Carcaillet, 1998; Carcaillet et al., 2009; Colombaroli et al., 2010; Kaltenrieder et al., 2010; 

Leys et al., 2014; Stähli et al., 2006). While the human impact on fire regimes was negligible 

before (Stähli et al., 2006), fires were actively utilized as a means in agriculture to clear forested 

areas for the first time in this period (Carcaillet, 1998; Carcaillet et al., 2009; Kaltenrieder et 

al., 2010). Even though attributing changes in fire regimes to a specific cause, natural or 

human, is difficult when relying only on sedimentary reconstructions (Colombaroli et al., 2010), 

human activity was most likely the dominating factor influencing fire regimes in the European 

Alps throughout the late Holocene (Carcaillet et al., 2009; Leys et al., 2014). While several 

studies saw an intensification of the fire regime in response to land use on a temporary or 

longer-term basis (Colombaroli et al., 2010; Leys et al., 2014; Stähli et al., 2006), Stähli et al. 

(2006) recorded an overall decline in fire activity in the late compared to the early Holocene. 

Thus, the precise effect of human activity on the fire regime, i.e., whether an amplification or 

suppression occurred, differed between study sites. 
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3.1.3 Immediate Effects 

While some of the studies considered wildfires an important factor influencing deforestation 

(Carcaillet, 1998) as well as vegetation dynamics in general (Colombaroli et al., 2010; 

Kaltenrieder et al., 2010) during the Holocene, Stähli et al. (2006) stated that the impact in the 

Alpine region is usually masked by other disturbance factors. Furthermore, the authors could 

not detect any change in tree composition, at least in the short term (Stähli et al., 2006), which 

is also in agreement with the findings of Leys et al. (2014) according to which subalpine mixed 

forests appeared to be tolerant in their composition to return intervals between 30 and 735 

years. Likewise, Genries et al. (2009) concluded that fires favored the diversity and preserved 

the open structure of the dense subalpine forests of the Holocene. With respect to the impact 

of wildfires on individual species, there were substantial differences between the studies as 

well as between the study sites in individual studies, so that no general conclusions could be 

drawn. Only Betula appeared to benefit consistently from fires (Blarquez & Carcaillet, 2010; 

Genries et al., 2009).  

 

3.2 Current Fire Regime 

3.2.1 Spatio-Temporal Distribution and Fire Characteristics 

On average, 144 fires occurred annually in Austria and 1,035 fires in Germany between 1993 

and 2019. These fires resulted in a cumulative average annual burned area of 52 ha in Austria 

(Institut für Waldbau, 2022) and 656 ha in Germany (BLE 1995 – 2021; BMEL, 1994; Michael 

Lachmann, 2006 – 2010; Michaela Lachmann, 2011 – 2015). However, interannual variability 

can be large in both countries, as visible in Figure 10.  

 

 
Figure 10: Annual number of fire events and cumulative burned area in ha from 1993 until 2019 in (a) Germany 
(BLE 1995 – 2021; BMEL, 1994; Michael Lachmann, 2006 – 2010; Michaela Lachmann, 2011 – 2015) and (b) 

Austria (Institut für Waldbau, 2022).   
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While an increasing trend in the number of fires in Austria can be observed since 1999, the 

cumulative annual burned area does not follow the same trend. The fire regime in Germany, 

on the other hand, is rather characterized by extreme years with otherwise relatively constant 

values. Not only interannual but also intra-annual variability of fire occurrence tends to be high 

in both countries. In the Central European Alps, two fire seasons can usually be observed 

throughout the year: the first in spring and the second in summer. The cause in both cases is 

drought; in spring due to frost and stable weather conditions, in summer due to high 

temperatures and low precipitation (M. Müller et al., 2020). Fire occurrence in Germany and 

Austria usually follows this trend, while peak values are normally reached in summer in 

Germany (BLE, 2021) and in April in Austria (San-Miguel-Ayanz et al., 2019). While the fire 

regimes of the entire countries reflect the fire regimes of the study landscapes only to a very 

limited extent, those of the states Bavaria and Burgenland should provide a better 

approximation.  
 

 
Figure 11: Annual number of fire events and cumulative burned area in ha from 1993 until 2019 in (a) Bavaria 
(BLE 1995 – 2021; BMEL, 1994; Michael Lachmann, 2006 – 2010; Michaela Lachmann, 2011 – 2015) and (b) 

Burgenland (Institut für Waldbau, 2021). 

Bavaria’s share of the annual number of forest fires in Germany ranged from 2 to 13% between 

1993 and 2019, and its share of the total burned area per year from 2 to 36%. The average 

number of fires per year during the same period was 74 and the average burned area was 58 

ha (BLE 1995 – 2021; BMEL, 1994; Michael Lachmann, 2006 – 2010; Michaela Lachmann, 

2011 – 2015).  The number of annual forest fires in Burgenland represented between just 

under one and almost 20% of the total in Austria during the same time period. The proportion 

of burned areas varied between slightly above zero and 30%. On average, there were eight 

fires per year burning a mean area of just below three hectares (Institut für Waldbau, 2021). 

However, these values are rather approximate, as records are missing entirely for the years 
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1995, 1996, 1997, 1999, and 2005 and for the sizes of several fires in other years. While the 

development of fire numbers and areas in Bavaria follows approximately the same pattern as 

in Germany as a whole, the fire regime of Burgenland seems to differ more from the rest of 

Austria (see Figures 10 and 11). However, Burgenland is also significantly smaller than 

Bavaria, which is why greater fluctuations in the annual volume of fires are to be expected.   

 

Based on the annual average burned areas, current return intervals can be determined based 

on the total forest areas of the countries or states, analogous to the approach used for the 

model evaluation described in chapter 2.2.2.1. As shown in Table 6 below, there is a vast 

discrepancy of tens of thousands of years between the average return interval of the historic 

regime and the current regimes.  

Table 6: Overview of current return intervals at the national and state level. 

 Germany Bavaria Austria Burgenland 

Mean Return Interval  17,434 44,931 77,265 46,091 

 

The deviation is mainly due to the fact that current regimes are dominated by human activities 

to a much greater extent. Among other factors, such as forest management, this is mainly due 

to active fire prevention as well as effective firefighting, which also limits fire sizes and duration. 

Individual forest fires in Germany and Austria are therefore usually very small, mostly below 

0.1 ha (M. Müller et al., 2020), and of short duration. Most fires in Austria, for example, are 

extinguished within the first hour, while first firefighting attempts usually occur within 20 

minutes of ignition (San-Miguel-Ayanz et al., 2019).  

 

Available information on fire characteristics is rather limited. The vast majority of wildfires in 

Austria in 2018 were low-intensity surface fires (San-Miguel-Ayanz et al., 2019). None of the 

analyzed reports contained information on the intensity of wildfires in Germany. With respect 

to affected vegetation, forest fires usually affect conifers to a greater extent than deciduous 

species (BLE, 2021; M. Müller et al., 2020). In addition, coniferous forests on southern slopes 

and on limestone in the northern Alps are at higher risk of fire (M. Müller et al., 2020).  

 

3.2.2 Conditions of Fire Occurrence 

On average, human actions, directly or indirectly, cause over 95% of all forest fires in Europe 

and over 90% of fires in the Alpine region, however in many cases, the exact reason is 

unknown (M. Müller et al., 2020; San-Miguel-Ayanz et al., 2019; San-Miguel-Ayanz et al., 

2020). Consequently, fire occurrence is higher in densely populated areas and recreational 

areas, as well as along roads and railways, than in remote regions. Wildfires are often caused 

by negligence or accident, e.g. by cigarettes, out-of-control fires, flying sparks, and power lines 
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(M. Müller et al., 2020). However, arson also plays a role; in Germany, about 15% of all forest 

fires are started intentionally each year, while the share in Austria is less than 10% (BLE, 2021; 

M. Müller et al., 2020). Clear-cutting increases the susceptibility of forests to both fire ignition 

and spread in both countries due to lower fuel moisture coupled with dry, grass-dominated fine 

fuel (M. Müller et al., 2020). Natural causes of fire ignition are limited to lightning strikes, which 

play a larger role in the southern and eastern central Alps and in the summer months. In 

Austria, an average of 15% of all forest fires are caused by lightning strikes, but in the summer 

months this value can reach up to 50% (M. Müller et al., 2020). In recent years, the share has 

been much greater, while in Germany only a good five percent of fires were due to natural 

causes (BLE, 2021; San-Miguel-Ayanz et al., 2019; San-Miguel-Ayanz et al., 2020). 

 

As previously mentioned, weather conditions play a major role in wildfire regimes in Central 

Europe, and fires often occur in association with heatwaves, drought, and dry foehn winds (de 

Rigo et al., 2017; Migliavacca et al., 2013; M. Müller et al., 2020). While Zumbrunnen et al. 

(2009) identified summer temperature as an important determinant of fire occurrence in 

subalpine areas, foehn winds and non-climatic variables had a larger impact in colline-montane 

regions. However, they also found that precipitation three years prior to a given year correlated 

positively with fire frequency as these conditions allow for a buildup of fuel (Zumbrunnen et al., 

2009). Overall however, the importance of precipitation and temperature became increasingly 

overshadowed by the effects of human activity and fuel availability in the second half of the 

20th century, also in subalpine areas (Zumbrunnen et al., 2009). A study by Wastl et al. (2013) 

analyzing the correlation between eleven different weather patterns, fire risk, and actual fire 

occurrence in the Alpine region showed that anticyclonic weather conditions were generally 

associated with higher fire risk than cyclonic conditions. They also led to higher, more 

seasonally uniform fire danger in the southern Alps than in northern parts, where fire risk is 

substantially elevated in summer (Wastl et al., 2013). While the correlation between weather 

patterns and actual fire occurrence is usually weaker where fire regimes are heavily influenced 

by human activity (Wastl et al., 2013; Weibel et al., 2010), Wastl et al. (2013) found that it 

followed a similar pattern as fire risk and was highest during anticyclonic weather conditions, 

such as high-pressure systems, which causes fuels to dry out.  

 

Enhanced forest connectivity and fuel buildup in the European Alpine region are expected as 

a result of increasing land abandonment (Blarquez et al., 2010; Carcaillet et al., 2009; Leys et 

al., 2014) and active fire suppression (Colombaroli et al., 2010; M. Müller et al., 2020). Since 

fuel availability is a major determinant of fire occurrence, these factors might promote more 

intense fire regimes with larger and more severe fires (Blarquez et al., 2010; Carcaillet et al., 

2009; Colombaroli et al., 2010; Leys et al., 2014; M. Müller et al., 2020).  
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The legal regulations for forest fire suppression, firefighting, and post-fire restoration are 

enacted at the state level in Germany and Austria (M. Müller et al., 2020). The legislation of 

both countries includes restrictions on prescribed fires, which are generally not permitted. An 

exception is Lower Austria, where prescribed burning of railroad embankments is allowed to 

prevent fires caused by flying sparks on railroad embankments (M. Müller et al., 2020). In 

addition, bans on controlled fires and smoking in forests and surrounding areas can be 

imposed in both regions. Originally intended for periods of high fire risk, these restrictions are 

often in effect continuously from March through October in many areas (M. Müller et al., 2020). 

According to Article 17 of the Bavarian Forest Act (Bayerisches Waldgesetz, BayWaldG), 

private individuals in Bavaria always need a permit for fires at a distance of fewer than 100 m 

from forest areas (BayWaldG, 2005).  

 

3.2.3 Immediate Effects 

In addition to the environmental impacts of forest fires already discussed in Chapter 1, socio-

economic impacts are also of central importance in regions with high population density such 

as Germany and Austria. Wildfires pose a direct risk to people and infrastructure, especially 

when urban structures are adjacent to forests. Adverse health impacts can stem, for example, 

from smoke inhalation (M. Müller et al., 2020) or burns, although the number of fire-related 

injuries in the study regions is generally very low (San-Miguel-Ayanz et al., 2019). In addition, 

fires can decrease the protective function of forests (Eastaugh & Hasenauer, 2014), resulting 

in other natural hazards and therefore further risks for society. In the Alpine region, these 

include in particular greater avalanche risk, increased water runoff, landslides, rockfall, or soil 

erosion (M. Müller et al., 2020) caused by a decrease in the stability of the roots after fires 

(Gehring et al., 2019; Vergani et al., 2017).   

 

At the same time, wildfires are associated with high costs for firefighting operations, especially 

in inaccessible areas (Eastaugh & Hasenauer, 2014; M. Müller et al., 2020), and for post-fire 

management measures. These amount to around 650,000 euros per year in Austria (M. Müller 

et al., 2020). In Germany, this sum has been exceeded by a factor of five to eight in recent 

years (San-Miguel-Ayanz et al., 2019; San-Miguel-Ayanz et al., 2020). In total, around 45 

million euros are currently invested annually in direct fire suppression measures throughout 

the Alpine region (M. Müller et al., 2020). The annual economic damage caused by wildfires 

amounted to approximately 1.8 million euros in Germany in the period from 1991 to 2019 (BLE, 

2021; San-Miguel-Ayanz et al., 2020), which corresponds to approximately 2,500 € per hectare 

of burned area (BLE, 2021). Economic damages in Austria are less well documented and were 

not indicated in the analyzed literature and data sets.  
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3.3 Future Fire Regime 

3.3.1 Spatio-Temporal Distribution and Fire Characteristics 

Figures 12 through 15 show the annual number of fires and annual share of the total area 

burned in each study landscape under the two climate change scenarios compared to the 

respective baseline value over the future period as well as the annual means averaged over 

the ten simulations in bold. In many instances, there were only minor absolute differences in 

the annual number of fires and burned area extent between scenarios with and without climate 

change, especially under the RCP4.5 scenario and in simulations with longer return intervals 

(see Table A, Appendix A). To confirm that deviations were not just due to the inherent 

stochasticity of fire occurrence but indeed caused by climatic changes, the Wilcoxon test was 

used to determine statistical significance. The test was carried out for both the future and EOC 

periods since the future return intervals were also calculated for the same periods. 

 

 
Figure 12: Deviation of the annual number of fires in the BGNP from the mean of the baseline simulation in the 

two climate change scenarios in the simulation years 20 – 100 for simulations with (a) the minimum, (b) the mean, 
and (c) the maximum return interval. Thin lines show the ten individual iterations while the bold lines represent 

annual means as well as the overall mean, smoothed using the loess method.  
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Figure 13: Deviation of the annual number of fires in the BuWe from the mean of the baseline simulation in the 

two climate change scenarios in the simulation years 20 – 100 for simulations with (a) the minimum, (b) the mean, 
and (c) the maximum return interval. Thin lines show the ten individual iterations while the bold lines represent 

annual means as well as the overall mean, smoothed using the loess method. 

 
Figure 14: Deviation of the annual share of the total area burned in the BGNP from the mean of the baseline 
simulation in the two climate change scenarios in the simulation years 20 – 100 for simulations with (a) the 

minimum, (b) the mean, and (c) the maximum return interval. Thin lines show the ten individual iterations while 
the bold lines represent annual means as well as the overall mean, smoothed using the loess method. 



36 

 

 

 
Figure 15: Deviation of the annual share of the total area burned in the BuWe from the mean of the baseline 
simulation in the two climate change scenarios in the simulation years 20 – 100 for simulations with (a) the 

minimum, (b) the mean, and (c) the maximum return interval. Thin lines show the ten individual iterations while 
the bold lines represent annual means as well as the overall mean, smoothed using the loess method. 

 

The results of the test show that there was a significant difference between the annual number 

of fires and burned area extent in all scenarios in the years 2020 – 2100 in the BGNP compared 

to the baseline scenario (see Table 7). During this period, the number of fires increased by 

62% – 86% in the RCP4.5 scenarios and by 108% – 119% in the RCP8.5 scenarios. In the 

BuWe, changes in the number of fires and burned area were significant only in the BuWe-124-

RCP8.5 and BuWe-534-RCP8.5 scenarios, with an increase in fire frequency of about 45% in 

both cases, but not in any of the RCP4.5 simulations. A more pronounced difference in 

simulations with a significantly shorter return interval is to be expected since fire occurrence 

and thus the base ignition probability are significantly higher than with longer intervals. In the 

EOC period, in contrast, significant differences did not occur in the BGNP in all cases, and the 

changes in the RCP4.5 scenarios were also less pronounced than during the entire future 

period. It is clear from the figures that there were pronounced increases in the annual number 

of fires approximately between the years 2065 and 2075 in these scenarios, after which the 

curve flattened out again, while fire occurrence continuously increased from the year 2080 

onwards in the RCP8.5 scenarios. In the BuWe, on the other hand, the pattern in the EOC 

period was the same as in the entire future period, although the last 20 years of the century 

saw a greater increase in fires and burned area. 
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Table 7: Change in the overall annual mean number of fires and relative burned area in the two climate 
change scenarios compared to the baseline scenario in the future and EOC period. Statistically 
significant differences between the annual means of the different scenarios determined using the 
Wilcoxon test are shown in bold. 

Study 

Area 

Climate 

Scenario 

Return 

Interval 

Variable Future EOC 

Change p-value Change p-value 

BGNP RCP4.5 124 Number of fires +80.4% 4.5e-12* +58.2% 0.0027* 

Burned area share +83.2% 5.1e-11* +60.4% 0.0029* 

534 Number of fires +61.7% 5.4e-06* +26.3% 0.0123* 

Burned area share +49.0% 0.0415* +18.2% 0.3926 
1520 Number of fires +85.5% 0.0009* +47.1% 0.2563 

 Burned area share +91.0% 0.0289* +17.2% 0.4524 
RCP8.5 124 Number of fires +119.0% 1.3e-12* +192.0% 9.9e-05* 

Burned area share +113.0% 5.7e-12* +190.0% 4.8e-06* 

534 Number of fires +108.0% 4.9e-10* +151.0% 0.0004* 

Burned area share +109.0% 1.9e-07* +172.0% 0.0001* 

1520 Number of fires +113.0% 5.2e-05* +140.0% 0.0074* 

  Burned area share +113.0% 0.0090* +103.0% 0.7854 
BuWe RCP4.5 124 Number of fires +3.1% 0.3493 -4.8% 0.9256 

Burned area share +2.0% 0.7740 -5.9% 0.5168 
534 Number of fires -4.0% 0.4678 -9.5% 0.8128 

Burned area share -7.3% 0.9437 -14.7% 0.9729 
1520 Number of fires -9.9% 0.6435 -34.0% 0.8334 

 Burned area share -9.9% 0.3738 -35.0% 0.3803 
RCP8.5 124 Number of fires +44.4% 0.0010* +76.1% 0.0158* 

Burned area share +49.5% 0.0027* +81.5% 0.0384* 

534 Number of fires +45.4% 0.0009* +75.6% 0.0156* 

Burned area share +43.5% 0.0156* +82.7% 0.0325* 

1520 Number of fires +25.3% 0.2829 +46.0% 0.1304 
  Burned area share +22.2% 0.8728 +37.0% 0.4120 

* indicates statistical significance (p<0.05) 

 
Based on Figures 12 – 15 alone, no clear trend can be identified in most cases. Therefore, the 

time series were examined for the presence of a statistically significant trend using the MK test 

and, if relevant, the magnitude of the trend was determined using the Sen's Slope test (see 

Table 8). The results show that no significant trend existed in either landscape under the 

RCP4.5 scenario. In the RCP8.5 scenario, on the other hand, the MK test indicated a 

significant positive trend in the annual number of fires under climate change in all simulated 

scenario combinations in the BGNP as well as in simulations with the minimum return interval 

of 124 years in the BuWe. In a direct comparison, the positive trend in the BGNP was stronger 

than in the BuWe in this scenario. Overall, stronger trends under the assumption of shorter 

return intervals are again expected.  
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Table 8: Results of MK and Sen's Slope tests for trends in the annual number of fires and share of the 
total area burned in the simulation years 20 – 100 of each simulated scenario compared to the respective 
reference time series without climate change. Statistically significant trends are shown in bold. 

Study 

Area 

Climate 

Scenario 

Return  

Interval 

Time  

Series 

Mann-Kendall Sen’s 

Slope tau value p-value 

BGNP RCP4.5 124 Number of fires 0.0606 0.4286 - 
Burned area share 0.0420 0.5819 - 

534 Number of fires 0.0965 0.2123 - 
Burned area share 0.0330 0.6655 - 

1520 Number of fires 0.0069 0.9354 - 
 Burned area share 0.0071 0.9285 - 
RCP8.5 124 Number of fires 0.2860 0.0002* 0.0581 

Burned area share 0.2720 0.0003* 0.0101 

534 Number of fires 0.2240 0.0034* 0.0093 

Burned area share 0.2290 0.0025* 0.0026 

1520 Number of fires 0.2270 0.0046* 0.0031 

  Burned area share 0.1190 0.1183 - 
BuWe RCP4.5 124 Number of fires 0.0468 0.5430 - 

Burned area share 0.1110 0.1420 - 
534 Number of fires 0.0484 0.5558 - 

Burned area share -0.0216 0.7784 - 
1520 Number of fires 0.0771 0.3751 - 

 Burned area share 0.0016 0.9869 - 
RCP8.5 124 Number of fires 0.2450 0.0013* 0.0217 

Burned area share 0.2250 0.0030* 0.0076 

534 Number of fires 0.1130 0.1478 - 
Burned area share 0.0179 0.8162 - 

1520 Number of fires 0.1100 0.2045 - 
  Burned area share 0.0149 0.8479 - 

* indicates statistical significance (p<0.05) 

 
Future return intervals for each landscape were calculated based on the mean annual burned 

area in each simulated scenario (see Figure 16 and Table B, Appendix A). However, since the 

differences between the mean annual burned area in the climate change scenarios and the 

baseline scenario were not always statistically significant, these should be evaluated 

cautiously. In the BGNP, simulated return intervals of the climate change scenarios were 

consistently well below those under historical conditions, with this effect being more 

pronounced in the RCP8.5 scenario. Moreover, previously detected positive trends in the 

development of relative fire areas in the scenarios BGNP-124-RCP8.5 and BGNP-534-RCP8.5 

were also reflected in shorter EOC intervals. In the two scenarios with significant differences 

in the relative burned area in the BuWe (BuWe-124-RCP8.5 and BuWe-534-RCP8.5), 

substantially shorter return intervals of more than 25% in the future period and almost 50% in 

the EOC period were observed. In these scenarios, which are the only two that allowed for a 

reliable comparison between the landscapes, the return interval deviations under climate 

change were larger in the BGNP, which is consistent with the previous findings. In the RCP4.5 

scenario, longer return intervals were consistently found for the BuWe in all scenarios, but the 
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underlying deviations of the mean annual burned areas were not actually significantly different 

from the baseline scenario. 

 
Figure 16: Ratio of the simulated return intervals under historic conditions to those under climate change for the 

simulation years 20 – 100 and 80 – 100 for each combination of climate scenario and historic return interval in the 
BGNP (first row) and the BuWe (second row). Solid outlines indicate statistically significant changes in the 
underlying differences in the burned area between the respective climate change scenario and the historic 

baseline scenario, while transparent bars with dotted outlines stand for non-significant differences. 

Overall, fire occurrence in the BGNP was far more spatially differentiated than in the BuWe 

(see Figure 17). While clear clusters of high fire occurrence emerged in the BGNP in both 

climate change scenarios, the distribution of fires was more uniform across the BuWe 

landscape, except for a slight concentration in the east in the RCP8.5 scenario. In comparison 

to historic conditions, higher altitudes in the BGNP were increasingly affected by wildfires 

under climate change, especially in the RCP8.5 scenario.  

 

Figure 17: Plots of the BGNP (first line) and the BuWe (second line) showing (a) the elevation of each pixel and 
(b) the number of fires in each pixel throughout the entire simulation period, averaged over all ten iterations with 

the minimum fire interval of 124 years. 
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3.3.2 Conditions of Fire Occurrence 

Fire occurrence in a particular RU of a landscape in iLand is heavily influenced by the prevailing 

fuel moisture conditions, as represented by the KBDI. Figure 18 below shows the ratio of the 

mean EOC KBDI (averaged over the simulation years 80 – 100) to the reference KBDI of the 

historic fire regime (see Figure F, Appendix B) for each RU in both landscapes.  

 
Figure 18: Maps showing the ratio of the mean end-of-century KBDI (simulation years 80 – 100) to the historic 

reference value for each RU in the BGNP (first row) and the BuWe (second row). 

In the BGNP, a substantial increase in the KBDI values, and thus drying of fuels and elevated 

fire risk, by a factor of about two in the RCP4.5 scenario and about four in the RCP8.5 scenario 

was observed in the majority of the RUs. The BuWe landscape responded much less 

sensitively with KBDI values remaining constant over large areas in the RCP4.5 scenario and 

an increase of roughly a factor of two in the RCP8.5 scenario. While precipitation remained 

relatively stable throughout the simulation period in both landscapes, maximum temperatures, 

which also affect the KBDI, increased in both landscapes. In BGNP, however, the increase 

was stronger, especially during summer, which can explain part of the more pronounced 

change. Another important factor influencing the KBDI is snow cover since fuels can only dry 

out in its absence. Under historical conditions, at least 30 days of annual snow cover occurred 

in the BGNP in each RU with significantly higher values up to year-round snow cover at higher 

elevations. In the BuWe, on the other hand, the number of snow days ranged from five to 135 

days (see Figure G and H, Appendix B). In comparison, there was a pronounced decrease in 

the number of days with snow cover in the vast majority of RUs in both landscapes in the 

simulations with climate change towards the end of the century. While both climate change 

scenarios had similar impacts in the BuWe, with the number of snow cover days roughly halved 



41 

 

 

over a large part of the landscape, the BNGP saw more dramatic declines overall as well as 

greater differences between scenarios. In the RCP4.5 scenario, there was a decrease of about 

75% in many RUs at lower elevations. In the RCP8.5 scenario, a larger area and higher 

elevations were affected, and the decrease was even more severe at the same time (see 

Figure 19). 

 
Figure 19: Ratio of the annual number of days with snow cover above 0 mm in the years 20 – 100 in the 

simulations with historic climate compared to the RCP4.5 (first column) and RCP8.5 (second column) scenarios in 
each RU of the BNGP (first row) and the BuWe (second row) landscapes. 

Since the ratio of the current KBDI to the reference KBDI of a RU directly affects the risk of 

ignition, and since this ratio is generally higher in the BGNP than in the BuWe for the same 

KBDI due to lower historic reference values, more fires ignite in the BGNP than the BuWe for 

the same future KBDI in the climate change scenarios (see Figure 20). 

 
Figure 20: Mean annual number of fires plotted against mean annual KBDI in both landscapes under the different 

climate scenarios in simulations with the minimum return interval of 124 years. 
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Ultimately, the increase in burned area, and thus the shortening of return intervals, was due to 

an increase in the number of fires, rather than increasing fire sizes due to climatic conditions; 

these remain roughly constant in the comparison between scenarios (see Figure E, Appendix 

A). This effect is to be expected because KBDI anomalies affect ignition probabilities in iLand 

but generally not fire spread.  

 

3.3.3 Immediate Effects 

The annual number of fires assigned to a specific severity class based on the mortality rate of 

the affected trees is shown in Figure 21. In the RCP4.5 scenario, the relative distribution of 

fires among the three severity classes was quite stable over the simulation period and overall 

similar to the baseline scenario, except for more moderate severity fires in the BGNP. Due to 

the higher number of fires overall in the RCP8.5 scenario towards the end of the century, there 

was also an increase in the number of trees per severity class. However, this effect was more 

pronounced in the low and moderate severity class while there was a weaker increase in high 

severity fires in the BGNP and no increase in the BuWe. The mortality rate ultimately 

determines the amount of carbon released during a wildfire. The annual amount of carbon lost 

due to fire disturbances in the study landscapes under the different climate scenarios is shown 

in Figure 22. Relatively frequently, a higher loss of carbon occurred despite a lower number of 

fires in a given year in the BuWe. This is due to the higher overall tree volume in the BuWe, 

which increased continuously throughout the century despite a strong decrease in the number 

of trees per hectare (see Figures I and J, Appendix C). 
 

 
Figure 21: Number of fires per severity class in each climate scenario averaged over the ten iterations with the 

minimum return interval in the BGNP (first row) and the BuWe (second row). 
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Figure 22: Annual carbon losses due to fire disturbances in kg per hectare in each climate scenario in the BGNP 
(first row) and the BuWe (second row), averaged over the ten iterations using the minimum historic return interval. 

Annual NEP, which equals the net changes over all ecosystem carbon pools and is directly 

affected by disturbance losses, is shown in Figure 23 below. Since NEP is primarily dependent 

on the net NPP of the same year, very high fire-related carbon losses in a given year do not 

necessarily also translate into a net loss of carbon in the landscape.  

 

 
Figure 23: Annual NEP, or total net changes over all ecosystem carbon pools, in kg carbon per hectare in each 
climate scenario in the BGNP (first row) and the BuWe (second row), averaged over the ten iterations using the 

minimum historic return interval. 

A Kendall’s tau test was therefore used to determine the exact effect of disturbance loss on 

NEP in the different climate scenarios (see Table 9). It revealed significant negative 

correlations between disturbance losses and NEP in all climate scenarios in both landscapes, 
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which were stronger in the climate change scenarios than the baseline scenario and stronger 

in the RCP8.5 than the RCP4.5 scenario.  

 

Table 9: Correlations between disturbance carbon losses and NEP in simulations with the minimum 
return interval as determined by Kendall’s tau.  

Study Area Baseline Scenario RCP4.5 RCP8.5 

BGNP -0.2865 * -0.4036 * -0.4590 * 
BuWe -0.1499 * -0.2141 * -0.4061 * 

* indicates statistical significance (p<0.05) 
 

Nevertheless, NEP was only rarely negative, meaning that a net decline of the total carbon 

stored occurred, even in years with high carbon losses due to fire disturbances so that the 

overall impact of the fire regime on carbon storage was small (see also Figure K, Appendix C). 

In the RCP8.5 scenario, however, NEP started to be negative regularly during the EOC period 

in both landscapes. A comparison of the amount of carbon stored in the different pools in 

RCP8.5 simulations with the minimum return interval and the RCP8.5 reference simulation 

without fire during this period showed that most carbon pools of both study areas were reduced 

by between 5 and 15% by the fire disturbances (see Figure 24). The pools “Snags” and “Snags 

Other”, i.e., standing dead wood and the branches and coarse roots of standing dead trees 

(Seidl & Rammer, 2021), increased by around 9 and 10%, respectively, in both landscapes. 

An exception is the pool "Regeneration" in BuWe, which increased by about 260% in the 

scenario with fire. It is possible that fire disturbance may promote regeneration locally in the 

landscape, where regeneration might be limited in the absence of disturbances. 

 

 
Figure 24: Deviation of the amount of carbon stored in each carbon pool in RCP8.5 scenarios with the minimum 
return interval (averaged over the ten iterations) in relation to the RCP8.5 reference scenario without fire during 

the EOC period (±%).   
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4. Discussion 

4.1 Evolution of Central European Fire Regimes up to the Present 

Even though historic fire regimes in the Central European Alpine region, and the two study 

landscapes in particular, have not yet been studied extensively, the few existing studies have 

already shown an enormous variability in fire occurrence between regions, but also over time. 

While fire regimes after the original afforestation were initially driven solely by natural factors, 

i.e., climatic and weather conditions, ignitions by lightning strikes, and the presence of certain 

key tree species, the influence of human activities has become evident since the early 

Neolithic. Today, fire regimes are almost entirely governed by humans, who have almost 

completely altered them as the main source of ignitions in much of the region, but also overall, 

primarily through active fire suppression and management. As a result, contemporary fire 

regimes in the extended study areas are characterized by much longer return intervals and the 

virtual absence of large fires. However, there has been little research on the precise fire 

characteristics of past and present regimes, such as particularly affected tree species or fire 

intensity, and on the specific impacts on biodiversity and ecosystem service provision. 

Currently, the main focus in managing fire regimes is on preventing or mitigating economic 

losses and, especially in the Alps, maintaining the protective functions of forests. 

 

An intensification of current Central European fire regimes due to climate change is commonly 

expected, potentially exacerbated by land abandonment and thus enhanced forest connectivity 

and fuel buildup in the Alpine region, which would lead to an increased risk of damage to 

humans and ecosystems even with similarly effective fire management measures. However, 

the simulation results of the present thesis only partially confirmed this expectation since 

climatic changes did not always result in statistically significant deviations from the historic 

regimes in the Central European study landscapes.  

 

4.2 Projected Sensitivity of the Fire Regimes to Climatic Changes Throughout the 21st 

Century 

Overall, a stronger response of the BGNP fire regime to climatic changes was observed in 

both climate change scenarios. In the RCP4.5 scenario, the fire regime of the BGNP was 

already significantly different from the baseline scenario, while this was not the case in the 

BuWe. While there was a significant increase in fire occurrence in both landscapes in the 

RCP8.5 scenarios, apart from the BuWe-1520-RCP8.5 scenario, this effect was more 

pronounced in the BGNP, as reflected in the shorter return intervals. This development seems 

counterintuitive at first since the BuWe experienced more favorable conditions for fire 

occurrence under both historic climate and the climate change scenarios, i.e., higher absolute 

(summer) temperatures and less precipitation. However, there was a stronger shift in fire-
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promoting weather conditions in the BGNP compared to those that characterized the historic 

fire regime, such as a greater increase in (summer) temperatures and a substantial decrease 

in snow cover days, both of which directly affect the base ignition probability in iLand (see 

Equation 2). Thus, the decrease in return intervals in the climate change scenarios compared 

to the baseline scenario (see Figure 17) was also roughly of the same magnitude as the overall 

KBDI increase in BGNP (see Figure 19). Since there was no substantial change in the KBDI 

at the landscape level in the RCP4.5 scenario in the BuWe, the future fire regime was also not 

significantly different from the historic fire regime. In the RCP8.5 scenario, on the other hand, 

the landscape-level KBDI roughly doubled. The resulting changes were only significant in 

scenarios with the minimum and mean return interval while no significant difference from the 

historical regime could be detected using the longer, maximum interval due to the already very 

low fire occurrence. No significant trend in the annual number of fires and burned area extent 

was found in either landscape in the RCP4.5 scenario and the only instance, in which trends 

were found in both study areas, was in the simulations with the minimum return interval and 

the RCP8.5 scenario. In comparison, a stronger positive trend was again found in the BGNP 

in this scenario. 

 

More frequent fire occurrence was also the cause of the increase in total burned area extent, 

while the size of individual fires remained relatively constant due to the way the model was 

parametrized. However, anthropogenic climate change has been shown to promote the 

occurrence of large fires in many areas worldwide (e.g. Abram et al., 2021; Dennison et al., 

2014), which was not considered in the present study. In future studies, the impact of climate 

and weather conditions on fire sizes could be incorporated by defining certain thresholds, 

above which a larger minimum fire size is set, similar to the approach by Hansen et al. (2020). 

 

The analysis also showed that in the BGNP, forested areas at higher elevations will likely be 

increasingly affected by wildfires. In addition to potential adverse impacts on ecosystems, this 

would most likely also be associated with an increase in the difficulty and cost of firefighting 

efforts due to the more restricted accessibility and ultimately likely also result in an increasingly 

greater risk for larger fires. 

 

While a significant negative correlation between carbon losses due to fire disturbances and 

NEP was detected, which was stronger in scenarios assuming a higher atmospheric CO2 

concentration, the overall impact of the fire regimes on carbon storage pools in the landscapes 

throughout the entire simulation period were minor. Only in occasional years did the 

disturbance losses result in a negative NEP and thus a net loss of carbon. Nevertheless, an 

accumulation of years characterized by net carbon losses was observable towards the end of 
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the 21st century in the RCP8.5 scenario in both landscapes. While other factors besides fire 

disturbance may also play a role in this context, such as a decline in productivity due to tree 

aging, the analysis showed that the amount of carbon stored in the individual pools declined 

due to fires in both study areas during the EOC period. However, while this trend is an 

important indicator for potential future developments, its magnitude was likely grossly 

overestimated due to the choice of the most severe climate change scenario combined with 

an extremely short return interval considering the current intervals of the study areas. As 

mentioned in section 2.2.2.1.1, an error occurred in the parameterization of the fuel 

parameters, although it likely had very little effect on the amount of fuel consumed.  

 

4.3 Contextualization of the Results within the Current State of Research 

While Knorr et al. (2016) noted that the increase in burned area in Europe due to climatic 

changes under the RCP4.5 and RCP8.5 scenarios was largely offset by a negative effect of 

climatic changes on fuel loads, fuel availability did not become a limiting factor of fire 

occurrence in either study landscape under the same climate change scenarios in this study. 

Wu et al. (2015) even found a positive effect of the increasing atmospheric CO2 concentration 

on fuel loads and burned area extents across Europe in the RCP 8.5 scenario. In simulations 

using LPJ-GUESS-SIMFIRE, the authors found no significant difference between the projected 

mean annual burned fractions in the last 20 years of the 21st century compared to those at the 

end of the 20th century in the RCP8.5 scenario in the approximate location of the study areas 

of this thesis (considering a much coarser spatial resolution of about 55 km). The LPJmL-

SPITFIRE model, on the other hand, simulated a climate-driven increase in mean annual burn 

fractions between 3.25 and 4.75 in the RCP8.5 scenario in both regions (Wu et al., 2015). 

These results are consistent with the projected increase in fire occurrence in the BGNP in this 

study but not with that in the BuWe.  

 

A direct comparison of the results with the other two simulation studies presented in the 

introduction is only possible to a limited extent, among other factors because these are based 

on a different climate change scenario, which can be classified roughly between the RCP4.5 

and RCP8.5 scenarios. Nonetheless, Migliavacca et al.'s (2013) study also provided supportive 

evidence for the finding that fuel availability in Central Europe will remain sufficient during the 

21st century so that changes in temperature and precipitation have the greatest impact on fire 

occurrence. In addition, a significant increase in burned areas was found in the wider Central 

and Eastern European region, although this did not apply to the two study regions. No 

significant difference from the baseline scenario was found there. However, fire suppression 

was also considered in the study (Migliavacca et al., 2013), which should explain much of this 

discrepancy with the present thesis. In the global study by Kloster et al. (2012), there was a 



48 

 

 

significant increase in annual fire emissions compared to the baseline scenario in Europe over 

the last 25 years of the 21st century, which also affected the regions where the two study 

regions of the present thesis are located. While there was an increase in fire probability in both 

regions during this period due to changes in moisture conditions and an elongation of the fire 

season, eastern Austria also experienced a simultaneous decrease in fire probability due to 

negative changes in fuel availability (Kloster et al., 2012). However, an estimation of the exact 

magnitude of these effects in individual small-scale regions and thus a direct comparison to 

the present work is not possible due to the low spatial resolution. In addition, iLand does not 

specify the month in which a fire occurred, so no conclusions about seasonality can be drawn. 

 

Lastly, the findings regarding the impact of changes in the fire regimes on carbon sequestration 

and storage in the study landscapes are consistent with those of Seidl, Schelhaas, et al. 

(2014), who also showed a negligible effect of forest fires on carbon storage by 2030 under a 

range of different climate scenarios.  

 

This comparison of the results with the current state of research shows the considerable 

influence of the choice of model and its parameterization on the results. While the studies 

predominantly predicted an increase in fire occurrence in Central Europe and the study areas 

due to climatic changes during the 21st century, there were considerable differences between 

the studies, especially concerning the magnitude of this increase and the impact of climate 

change on fuel availability. All studies reflected the enormous local differences in fire activity 

in the different regions of Central Europe, reconfirming the need for small-scale studies with 

high spatial resolution such as the present work. These types of studies can contribute to a 

clearer understanding of local impacts of climate change on fire regimes and thus provide a 

more solid basis for regional adaptation and mitigation measures.   

 

Lastly, a comparison with the similarly designed study by Hansen et al. (2020), who used iLand 

to examine the effects of climatic changes in the RCP4.5 and RCP8.5 scenarios on the fire 

regime of the GTNP in the United States during the 21st century, provides an opportunity to 

place the results in an international context. The study area encompassed 40,000 ha of 

forested area at elevations between 1,600 m and 3,400 m, receiving 540 mm of precipitation 

annually (Hansen et al., 2020). The study showed an increase in the mean annual number of 

fires by almost 70% in the RCP8.5 scenario, from 3.3 fires per year on average from 1989 – 

2017 to 5.6 fires per year from 2018 – 2098 (Hansen et al., 2020). To compare these results 

with those of the present study, the simulations with the minimum interval are best suited 

because the fire occurrence is most similar. While the rise in fire occurrence in the BuWe was 

lower than in the GTNP at 44%, the BGNP reacted much more sensitively with an increase of 
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almost 120%. While there was a substantial increase in fire occurrence in the GTNP by the 

middle of the century in the RCP8.5 scenario, which was less pronounced in the present thesis, 

there was also a further intensification toward the end of the century (Hansen et al., 2020), 

similar to this study. However, due to the different approach in simulating fire sizes under 

climate change (see section 4.2), the mean fire sizes increased along with the other indicators 

in the Wyoming study, leading to a significantly stronger increase in the annual burned area 

extent than the number of fires. While fire sizes only exceeded 200 ha once in each landscape 

in all RCP8.5 simulations in the present study, fires larger than 225 ha became very common 

in GTNP in the second half of the 21st century, so that more than 37% of the total area was 

affected by fires in many years (Hansen et al., 2020). In contrast to the trends observed in the 

two study landscapes in the European Alps, high-severity fires also occurred more frequently, 

causing a large decrease in the total forested area of the GTNP after the middle of the century 

(Hansen et al., 2020). Thus, while the relative increase in the number of annual fires could 

potentially be within a similar range in the two regions, or even greater in the European Alps, 

the intensification of fire regimes in Central Europe and the associated severity of negative 

impacts will not be comparable to current and potential future developments in the western 

United States. 

 

4.4 Discussion of iLand's Fire Modeling Approach Based on the KBDI Index 

The simulation results show that, as expected due to iLand’s fire modeling approach, the future 

occurrence of fires is primarily controlled by the change in future fuel moisture conditions 

compared to those of the historical regime. The soundness of this probability-based modeling 

approach has been validated with observational data in several studies focusing on forest 

landscapes in the United States (e.g. Braziunas et al., 2018; Hansen et al., 2020; Seidl, 

Rammer, & Spies, 2014). The change in fuel moisture conditions is calculated and reflected in 

iLand via the KBDI index. It is one of the most widely used indices to assess fire danger, 

especially in the United States but also in many other regions worldwide, in part because it is 

easy to calculate and requires comparatively few inputs (Liu et al., 2010; Taufik et al., 2015). 

Originally, the index was created for use in the United States, primarily Florida (Keetch & 

Byram, 1968), which is reflected directly in its computational approach: the drying rate included 

in the index and the method of computing potential evapotranspiration as part of the drought 

factor were both tailored to Florida's climatic conditions (Keetch & Byram, 1968; Liu et al., 

2010; Taufik et al., 2015). As a result, various studies have shown that using the KBDI in other 

regions is not always suitable (e.g. Liu et al., 2010). More specifically, the index appears to 

underestimate fire risk (Petros et al., 2011; Spano et al., 2005) and not to detect the end of the 

summer drought season (Pellizzaro et al., 2007) in regions with less precipitation than Florida, 

such as the Mediterranean, and overestimate fire danger in regions with more precipitation, 
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such as tropical wetlands in Indonesia (Taufik et al., 2015). The prevalence of soil types other 

than those found in Florida has also been found to reduce the predictive power of the KBDI 

(Reardon et al., 2009; Sparks et al., 2002). 

 

Studies have also shown that the KBDI is not a suitable indicator for assessing fire danger in 

winter in Austria but can capture it well in summer, especially at extreme values (Arpaci et al., 

2013; Eastaugh & Hasenauer, 2014). At the same time, Arpaci et al. (2013) found that simply 

using the daily mean temperature to assess fire danger provided a better estimate at more 

sites in Austria than the best performing of the 22 indices included, which the authors also 

attributed to the lack of adaptation of the indices to local conditions. They recommended the 

use of a combination of different indices during the summer and winter seasons and generally 

in areas with large differences in topography and prevailing climatic conditions like Austria 

(Arpaci et al., 2013). Similarly, the use of relative humidity alone for projections of fire 

occurrence in Germany, and also in Bavaria, outperformed a number of fire indices in a study 

by Holsten et al. (2013). Among commonly used indices, the M-68, which has been developed 

for use in Germany, seems to provide the best results (Holsten et al., 2013; Schunk et al., 

2017). Nevertheless, the KBDI and litter moisture conditions are still significantly correlated in 

Bavaria (Schunk et al., 2017). At the same time, an increase in fire-promoting conditions in the 

region over the last six decades has coincided with a decrease in actual fire occurrence, most 

likely due to changes in human activities (Wastl et al., 2012). Because weather conditions play 

a subordinate role for ignitions caused by humans, as discussed earlier, fire indices cannot 

always adequately predict fire occurrence in areas where the vast majority of ignitions are 

human-caused. For example, in a Swiss study by Reineking et al. (2010), the KBDI performed 

well in a comparison of 14 fire indices for natural ignitions but was not among the best indices 

for human ignitions. In this context, the Angstroem index performed best. The authors therefore 

also recommended employing different indices for the two causes of ignition and, if the use of 

only one index is feasible, to base the choice on the main cause in the area (Reineking et al., 

2010).  

 

While the relative impacts of changes in temperature and precipitation on fire regimes outside 

the southeastern United States can still be reasonably estimated using the KBDI in any case 

(Liu et al., 2010), several efforts of varying complexity have been made to adapt the index to 

different local conditions. The simplest way to modify the KBDI is to adjust the parameters 

used to determine the drought factor to the local annual mean precipitation. Petros et al. 

(2011), for example, have reported a better performance of the KBDI for fire regimes in the 

Mediterranean region after modifying it in this way. Snyder et al. (2006) also obtained better 

KBDI results for California by adjusting the drying rate using the Hargreaves-Samani method 
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to estimate reference evapotranspiration instead of the originally utilized potential 

evapotranspiration estimation method. Taufik et al. (2015) calculated a modified KBDI, 

incorporating local annual precipitation and a revised calculation of potential 

evapotranspiration, but were only able to achieve a comparatively small improvement in 

predictive power using this approach. Therefore, and in agreement with the recommendations 

of Reardon et al. (2009) and Pellizzaro et al. (2007), further improvements were made by the 

authors to also include soil hydrologic characteristics in a modified version of the index. The 

addition of a water table factor to account for the typically low water tables in wetland 

ecosystems that affect soil moisture content led to a significant improvement of the KBDI’s 

performance compared to its original form as well as the version adapted to the local climate 

(Taufik et al., 2015). However, these are all individual efforts to adapt the KBDI to a specific 

area, and to date, there are no guidelines or a framework to facilitate the adaptation of the 

index to new study areas. 

 

Despite the aforementioned drawbacks of using the KBDI outside the southeastern United 

States, the results of the present thesis were probably not significantly affected by not adjusting 

the KBDI to local conditions, as the analysis was based entirely on relative changes due to 

climatic changes. However, an adjustment of the KBDI or the addition of supplementary indices 

should be considered in future studies using iLand to obtain reliable results. 

 

4.5 Study Limitations 

Among the main limitations of the present work is the limited data availability and research on 

historical and current fire regimes in Central Europe, and the study regions in particular, which 

hampered the parameterization of the model. Even official records by governmental entities 

are often unreliable as they tend to be incomplete and alternative data sources, such as 

satellite data, are of little help as fires in the study regions are usually too small to detect. 

Although the sensitivity of the study areas' fire regimes to climatic changes could still be 

estimated, the results can therefore not offer a realistic picture of future fire occurrence. At the 

same time, the modeling approach itself was highly simplified and additional factors such as 

fire suppression, forest management, a potential increase of fire sizes due to climate change, 

or interactions with other natural disturbance agents were not considered due to the limited 

scope of the study. Furthermore, simulations were performed under only two of the currently 

available RCP scenarios, but these likely underestimate or overestimate real developments. 

While it is still helpful to get a better understanding of the range of potential impacts, a study 

considering the most likely business-as-usual scenario at present, the RCP6.0 scenario, could 

provide more accurate results. Since future fire regimes were simulated and studied for only 

two exemplary landscapes, the transferability of the results to other regions in the Alps and 
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wider Central Europe is limited and further studies are needed to enhance spatial coverage. 

Ultimately, the present thesis is based on one model only and its specific fire modeling 

approach built around deviations of fuel moisture conditions as measured by the KBDI from 

those that characterized the historic fire regime, as discussed in the previous subsection, and 

the results should be compared and verified with those of other models. 

 

5. Conclusion 

The present study has shown that an increase in (summer) temperatures as well as a decrease 

in snow cover will likely have a significant impact on fire occurrence in Central Europe during 

the 21st century under moderate and high emissions scenarios, similar to other regions such 

as the western United States. Counterintuitively, areas such as the BGNP, where annual 

precipitation sums are likely to remain at a constantly high level, might experience more 

pronounced impacts than warmer and drier regions if these two influencing factors change 

more strongly. Fuel availability did not occur to be a limiting factor for fire activity in Central 

Europe under climate change, which could promote the occurrence of larger fires, especially 

if less accessible areas at higher elevations will be increasingly affected. While the results of 

the present study at landscape level are evidently only conditionally transferable to larger parts 

of Central Europe, a potential climate-induced increase in the fire ignition probability by a factor 

of two to four in some regions over the next 80 years would be associated with high risks for 

ecosystems, people, and infrastructure, and likely also a significant increase in firefighting 

costs and economic losses. A comparison of the findings with previously conducted simulation 

studies indicated that continental-scale studies are often insufficient to predict the magnitude 

of changes at smaller scales despite an overall agreement regarding the direction of the 

change, which is important, for example, to develop specific local policies.  

 

Several areas for improvement and topics for further research have emerged from the findings 

of this study. For one, the month in which each fire occurred could be added to the fire-specific 

outputs in iLand to analyze potential changes in the seasonality of fire regimes based on this 

information. Furthermore, an approach should be developed to adapt the KBDI to local 

conditions of new study areas to ensure that results are reliable when it is applied outside of 

the United States. Alternatively, a different or additional drought index could be introduced, 

considering that certain indices perform better in modeling human-induced ignitions. With 

respect to the present study and its study regions, the parameterization should be improved 

as much as possible and important influencing factors, such as management and fire 

suppression as well as interactions with other disturbance agents, should be considered in 

potential future attempts to improve the projections. In addition, the possibility of larger fires 

developing under extreme conditions should be considered in future studies, for example by 
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using certain thresholds of the KBDI, which has been shown to provide solid results in another 

iLand study. While impacts on carbon storage were mostly minor in the present study, carbon 

pools were noticeably reduced during the EOC period in the most extreme scenario. A longer-

term study beyond the 21st century might therefore be needed to gain a better understanding 

of potential long-term trends. In addition, impacts on other ecosystem services may be more 

relevant and should also be the focus of future studies. The findings of the present thesis 

should also be compared to those of other models that are based, for example, on a different 

drought index for modeling fire danger, as different modeling approaches have significant 

impacts on the magnitude of the simulated results. To gain a better understanding of potential 

changes in Central European fire regimes, additional landscapes with different climatic 

characteristics as well as a greater variety of climate change scenarios should be investigated. 

Overall, the study showed that further research of the effects of global change on Central 

European fire regimes will initially also require further improvement of existing models that 

have not been developed or adapted for this purpose.  
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Appendix 

A. Future Fire Regime – Spatio-temporal distribution and fire characteristics 

 
Figure A: Annual number of fires in BG throughout the simulation period under the three climate scenarios for (a) 
the minimum return interval of 124 years, (b) the mean return interval of 534 years, and (c) the maximum return 

interval of 1520 years. Thin lines show the ten individual iterations while the bold lines represent annual means as 
well as the overall mean, smoothed using the loess method. 

 
Figure B: Annual number of fires in BuWe throughout the simulation period under the three climate scenarios for 

(a) the minimum return interval of 124 years, (b) the mean return interval of 534 years, and (c) the maximum 
return interval of 1520 years. Thin lines show the ten individual iterations while the bold lines represent annual 

means as well as the overall mean, smoothed using the loess method. 
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Figure C: Annual share of the total area burned in BG throughout the simulation period under the three climate 
scenarios for (a) the minimum return interval of 124 years, (b) the mean return interval of 534 years, and (c) the 

maximum return interval of 1520 years. Thin lines show the ten individual iterations while the bold lines represent 
annual means as well as the overall mean, smoothed using the loess method. 

 

 
Figure D: Annual share of the total area burned in BuWe throughout the simulation period under the three climate 

scenarios for (a) the minimum return interval of 124 years, (b) the mean return interval of 534 years, and (c) the 
maximum return interval of 1520 years. Thin lines show the ten individual iterations while the bold lines represent 

annual means as well as the overall mean, smoothed using the loess method. 
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Figure E: Boxplots showing summary statistics of the individual fire sizes (in ha) throughout the entire simulation 
period in BGNP (first row) and BuWe (second row) for the three return intervals in all ten iterations. The bold line 
and numbers show the mean, the lower and upper hinges indicate the first and third quartiles, and the whiskers 

expand from the upper and lower hinges to the largest and smallest value, respectively, which are no further than 
1.5 * IQR from them. Dots show individual outliers beyond the range of the whiskers. 

Table A: Mean annual number of fires and share of the total area burned averaged over all ten iterations 
per scenario in both study areas in the future period (simulation years 20 – 100) and the EOC period 
(simulation years 80 – 100). 

Study 

Area 

Climate 

Scenario 

Return 

Interval 

Mean annual 

number of fires 

Mean annual share of the 

total area burned (%) 

Future EOC Future EOC 

BGNP Baseline 124 3.32 3.70 0.725 0.794 
534 0.80 0.98 0.179 0.207 

1520 0.27 0.33 0.056 0.080 
RCP4.5 124 5.99 5.86 1.330 1.270 

534 1.30 1.23 0.267 0.245 
1520 0.50 0.49 0.106 0.094 

RCP8.5 124 7.27 10.80 1.540 2.300 
534 1.67 2.45 0.375 0.562 

1520 0.58 0.80 0.118 0.163 
BuWe Baseline 124 2.34 2.60 0.825 0.914 

534 0.56 0.61 0.212 0.224 
1520 0.20 0.24 0.073 0.078 

RCP4.5 124 2.41 2.47 0.842 0.860 
534 0.54 0.55 0.197 0.191 

1520 0.18 0.16 0.065 0.051 
RCP8.5 124 3.38 4.57 1.230 1.660 

534 0.81 1.06 0.305 0.409 
1520 0.25 0.35 0.089 0.107 
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Table B: Summary of future and end-of-century intervals of all simulated scenarios, rounded up to full 
years. 

Study Area  Climate Scenario Historic Interval 
Future Interval 
(2020 – 2100) 

EOC Interval 
(2080 – 2100)  

BuWe Historical 124 122 110 

BGNP Historical 124 139 126 

BuWe RCP4.5 124 119 117 

BGNP RCP4.5 124 76 79 

BuWe RCP8.5 124 82 61 

BGNP RCP8.5 124 65 44 

BuWe Historical 534 472 447 

BGNP Historical 534 558 484 
BuWe RCP4.5 534 509 524 

BGNP RCP4.5 534 375 409 

BuWe RCP8.5 534 329 245 

BGNP RCP8.5 534 267 178 

BuWe Historical 1520 1378 1277 

BGNP Historical 1520 1803 1246 

BuWe RCP4.5 1520 1530 1964 

BGNP RCP4.5 1520 944 1063 

BuWe RCP8.5 1520 1128 932 

BGNP RCP8.5 1520 846 615 

 

 

B. Future Fire Regime – Conditions of fire occurrence  

Figure F: KBDI reference values at RU-level across both landscapes. 
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Figure G: Annual number of days with snow cover above 0 mm under the three climate scenarios across the 

entire BNGP (left column) and BuWe (right column) landscapes. 

 
Figure H: Annual number of days with snow cover above 0 mm under the three climate scenarios in each RU of 

the BNGP (first row) and BuWe (second row) landscapes during the EOC period. 
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C. Future Fire Regime – Immediate effects 

 
Figure I: Mean annual volume per hectare (m3) in the BGNP (first row) and the BuWe (second row), averaged 

over the ten iterations. Limited to the main tree species with a volume of more than 1 m3. 

 
Figure J: Mean annual number of trees per hectare in the BGNP (first row) and the BuWe (second row), 

averaged over the ten iterations. Limited to the main species with more than 10 trees per hectare. 
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Figure K: Annual amount of carbon stored in different carbon pools (in kg/ha) in the study landscapes in the three 

climate scenarios. 

  


