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Abstract. Natural disturbances like windthrows or forest fires alter the provision of forest ecosystem services like timber 

production, protection from natural hazards or carbon sequestration. After a disturbance, forests release large amounts of 

carbon and therefore change their status from carbon sinks to carbon source for some time. Climate-smart forest management 

may decrease forest vulnerability to disturbances and thus reduce carbon emissions as a consequence of future disturbances. 10 

But how to prioritize stands most in need of climate-smart management? In this study we adopted a risk mapping framework 

(hazard × vulnerability) to assess the risk to climate-related forest ecosystem services (carbon stock and sink) in forests prone 

to windthrow (in the Julian Alps, Italy) and forest fires (in the Apennines, Italy). We calculated hazard by using forest fire and 

windthrow simulation tools, and examined the most important drivers of the respective hazards. We then assessed vulnerability 

by calculating current carbon stocks and sinks in each forest stands. We used these values together with the calculated hazard 15 

to estimate “carbon risk”, and prioritized high-risk stands for climate-smart management. We show that combining disturbance 

simulation tools and forest carbon measurements may help in risk-related decision making in forests, and taking planning 

decisions for climate-smart forestry. This approach may be replicated in other mountain forests to help understanding their 

actual carbon vulnerability to forest disturbances. 

1 Introduction 20 

Natural disturbances are common phenomena in forest dynamics, disrupting forest cover, changing forest structure, and leading 

to forest succession (Dale et al., 2001). In Europe, disturbances like wildfires, windthrows, and insect outbreaks are increasing 

in frequency, intensity and severity due to changes in land use and climate (Lozano et al., 2017; Seidl et al., 2017; Sommerfeld 

et al., 2018; Collins et al., 2021; Senf et al., 2021; Senf and Seidl, 2021; Patacca et al., 2023; Grünig et al., 2023). In the future, 

forest fires may hit forests that were not previously endangered. Dry and warm weather and earlier snowmelt increase the risk 25 

of fires, which may affect new areas (Westerling et al., 2006). On the other hand, storm intensity will increase as an indirect 

effect of warmer and moister atmosphere, higher updraft velocities, and slower storm movement, increasing local duration 

(Kahraman et al., 2021). Such novel disturbance regimes may cause unprecedented changes over large scales that may alter 

the functioning of forest ecosystems and the provisioning of their services (Runkle, 1985). For example, bark beetle outbreaks 
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or windthrow strongly decrease timber production and timber value, while forest fire may increase hydrological instability, 30 

alter habitats for forest biodiversity, and hamper recreation potential (Albrich et al., 2018). Additionally, regulating services, 

as e.g., carbon sequestration may be slowed down, stopped or even reversed, and the role of forests may change from sink to 

source for some time (Yamanoi et al., 2015; Pugh et al., 2019; Harris et al., 2021; Albrich et al., 2022).  

Indeed, forests contribute to natural climate solutions by acting as the largest land carbon sink (Griscom et al., 2017), storing 

carbon in their biomass, soil and organic matter. Furthermore, they regulate the climate through influencing weather patterns, 35 

precipitation and contributing to local and global cooling. To counter the increasing risks posed by forest disturbances to such 

contributions, Climate-smart forestry (CSF) has been suggested as an approach that maximizes climate mitigation provided by 

the forest ecosystem and forest-wood products chain (Nabuurs et al., 2018). CSF aims to mitigate climate change through 

reducing the greenhouse gas emissions and increasing their sequestration, create more resilient forests by adaptive forest 

management, and increase productivity and the provision of other ecosystem services (ES; Nabuurs et al., 2018). Several case 40 

studies have shown the positive effects of CSF on climate change mitigation, even when considering trade-offs between 

different ES (Górriz-Mifsud et al., 2022; Gregor et al., 2022; Peltola et al., 2022).  

One aspect of CSF is to foster adaptation to increased disturbances as wildfires and windthrows by promoting structural, 

physiological, and ecological determinants of forest resistance or resilience (Nabuurs et al., 2018), for example by increasing 

the degree of species mixture (Seidl et al., 2011). Other climate-smart strategies include selective thinning, changing forest 45 

rotation lengths, and promoting continuous-cover forestry (Verkerk et al., 2020). The effect of different disturbances in fact 

depends not only on the disturbance agent but also on the pre-disturbance forest structure (Vacchiano et al., 2016). Forest 

density, tree species composition, topography and soil properties influence the susceptibility to windthrow (Quine et al., 2021). 

In the case of wildfires, forest structure together with the amount of fuel and moisture affect forest flammability and the 

probability of fire spread.  50 

The efficacy of climate smart forestry on regulating services can be assessed by calculating additional carbon sink, or avoided 

carbon emissions, as a result of additional management relative to current management. Within a growing conflict between 

higher demand for ecosystem services and increased disturbance risk, it is of great interest to understand the most effective 

forest management strategies to increase forest resistance and resilience and avoid or reduce disturbance-related emissions. 

However, assigning priorities for climate-smart forestry across whole forest catchments or ownerships might be difficult, given 55 

the multi-factorial nature of disturbance hazard and the different levels of ecosystem services provided by each forest stand 

under disturbance risk. In this study, we model the climatic hazard from windthrow and forest fire hazard in two Italian forests, 

we assess the vulnerability of forest carbon stock and sinks to these hazards, and calculate the climate risk for these important 

ecosystem services at the scale of individual forest stands. With this workflow, managers can prioritize high-risk stands for 

climate-smart management. 60 
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2 Materials and methods 

2.1 Study areas 

We chose two study areas to proceed with our analysis, one for windthrow and one for forest fire hazard. Fusine study area is 

located in the Julian Alps, NE Italy (region of Friuli Venezia Giulia, Fig.1a). It is characterised by typical alpine climate, with 

high annual average precipitation of 1700 mm and mean annual temperature of 7° C. The studied area stretches from 750 m 65 

a.s.l. to 2200 m a.s.l. and the soil types are cambisols, leptosols and luvisols. The dominant tree species are Norway spruce 

(Picea abies), European beech (Fagus sylvatica) and silver fir (Abies alba), and typical forest compositions here are: spruce-

beech-fir, spruce, spruce-beech (the most common) and some stands of European larch (Larix decidua) and dwarf pine (Pinus 

mugo subsp. mugo; Fig. 1b). Forests at Fusine have provisioning ES valuable for its timber production, but also cultural service 

as the lakes of Fusine are an important touristic destination. Some of the forest fulfil protective function against natural hazards. 70 

Fusine forest is managed as high forest governance. The prevalent management here is the shelterwood system in groups and 

the single-tree selection cutting in uneven aged forests. Thinning from below in young forests is executed to favour the 

dominants (De Crignis, 2020). 

Galeata study area is situated in the northern Apennines, Italy (region Emilia-Romagna, Fig.1a). It has temperate oceanic sub-

Mediterranean climate with low precipitation of about 630 mm and an average temperature of 12° C per year. The forest grows 75 

from the valley bottom at 300 m a.s.l. to the mountain tops of around 1000 m a.s.l. The prevalent soil types are cambisols and 

regosols. At Galeata, tree species composition varies between different types of forest stands (Fig. 1c). There are coppice 

stands with tree species like hop-hornbeam (Ostrya carpinifolia), pubescent oak (Quercus pubescens), manna ash (Fraxinus 

ornus) or Turkey oak (Quercus cerris), protection forests of conifer afforestation with spruce, black pine (Pinus nigra) and 

Scots pine (Pinus sylvestris), and coppice stands in transition or high forests of hop-hornbeam, pubescent oak, chestnut 80 

(Castanea sativa), European beech, Italian maple (Acer opalus), field maple (Acer campestre), manna ash, true service tree 

(Sorbus domestica), wild service tree (Sorbus torminalis), whitebeam (Sorbus aria), wild cherry (Prunus avium) and Douglas 

fir (Pseudotsuga menziesii). Forests at Galeata have an important regulating ecosystem service, protecting against soil erosion 

and regulating water supply. Additionally, they contribute to the cultural function for recreation and tourism. Forest 

management especially aims to reduce the fire risk by improving the state of the current coppice stands and converting some 85 

of them to high forests. In high forest stands (especially in the conifer afforestations) usual thinning operations are 

implemented. 
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Figure 1: (a) Location of the study areas Fusine (Friuli Venezia Giulia) and Galeata (Emilia-Romagna). (b) Fusine represents typical 90 
montane to alpine forests stands in the Alps with dominating species spruce and beech. (c) Galeata has very heterogeneous forest 

stands from coppice dominated by broadleaves like hop-hornbeam and pubescent oak to conifer afforestation with pine and spruce. 

Base map: © OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open Database License (ODbL) v1.0. 

 

2.2 Field sampling 95 

We measured forest structural parameters in 23 forest management units in Fusine and 45 in Galeata; the number of units to 

sample was decided to represent in the best way the dominant forest types. For every unit, we randomly established a circular 

sampling plot with 10 m radius. (QGIS Development Team, 2009). We measured diameter at breast height (DBH) of all trees 

within each plot, total height and crown base height of three individual trees for each tree species and diameter class (<15 cm, 

15-30 cm, >30 cm). These trees were also sampled with an increment borer to estimate tree age and the width of the last ten 100 

annual rings from the increment core. 
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We carried out a sampling campaign to obtain the data on fuel loads at Galeata. We applied a standard scheme (Bovio and 

Ascoli, 2013) establishing two random sampling sites in each of four main forest types. Three transects of 10 m in form of an 

equilateral triangle were arranged at each site, with the following data being measured every 1 m of the transect: shrub height, 

height of herbaceous layer, forest litter thickness, and humus thickness. All pieces of coarse deadwood (2.5 – 7.5 cm in 105 

diameter) were counted if they intersected with the transect line. We calculated the total amount of coarse deadwood in t/ha 

using the following equation (1): 

𝑉 =  
1.234 ×𝑛 ×𝑑2×𝑎 ×𝑐

𝐿
,            (1) 

where V is the volume expressed in m3ha-1, 1.234 is a constant, n is the number of counted intersections, d is the mean diameter 

of the class (i.e., 5 cm), a is a correction factor of 1.13 for diameters smaller than 7.5 cm, c is the correction factor of the slope 110 

of the transect (Brown et al., 1982), derived from this equation (2): 

𝑐 =  √1 + (
𝛼

100
)2,           (2) 

where α is the slope inclination of the measured transect in % (Brown et al., 1982). The slope was extracted from an available 

digital terrain model (DTM). 

Using the number of shrubs intersecting the transect we calculated shrub abundance per hectare. Using the shrub height 115 

recorded on field we calculated the DBH by using the following equation (3): 

𝐷𝐵𝐻 =  𝑎1 +  𝑒
ln(𝐻) − ln(𝑏1) + 𝑏2 × ln(𝑎2)

𝑏2 ,         (3) 

where H is the shrub height and a1, a2, b1 and b2 are species-specific coefficients (Evans et al., 2015). Individual shrub 

biomass was then obtained by applying species-specific allometric equations (Jenkins et al., 2004; Albert et al., 2014) that use 

height and DBH. The individual biomass was then multiplied by shrubs density to obtain the per-hectare shrub loads. 120 

In addition, three samples of duff, litter, live herbs, live shrubs, and fine deadwood (0.6 – 2.4 cm in diameter) were collected 

in squares of 40 × 40 cm located at the centre of each side of the triangle. These samples were oven-dried in a laboratory at a 

temperature of 105 °C for 24 hours and finally weighed. Dry fuel loads were then averaged per plot and scaled on a per hectare 

basis. 

2.3 Disturbance hazard 125 

2.3.1 ForestGALES 

We chose ForestGALES to simulate windthrow at Fusine, as a function of topography, forest structure and soil parameters. 

The critical wind speed (i.e., minimum wind velocity sufficient to cause breaking or overturning) was used as a proxy for the 

windthrow hazard. ForestGALES (Locatelli et al., 2017) calculates the probability of windthrow damage to individual trees 

and forest stands, as a function of tree species, height, DBH, rooting depth (shallow/deep), topography, soil type, and current 130 

tree spacing. Topographic exposure (TOPEX) was calculated from a digital terrain model (DTM, 1 m resolution) and averaged 

across each forest stand. Tree and forest variables were calculated from field measurements and gap-filled with up-to-date data 
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from existing forest plans (validity 2021-2035; De Crignis, 2020). Soil type was derived from the soil map of Italy with a scale 

of 1:100000 (L’Abate et al., 2015). ForestGALES calculates the critical wind speed at which trees could be damaged by 

uprooting or stem breakage. We calculated a synthetic windthrow hazard indicator by averaging the critical windspeed at 1.3 m 135 

height and at crown height for breaking and for overturning. For two-species stands, simulations had to be performed for each 

tree species separately in order to obtain species-specific critical wind speeds. Critical wind speed for the whole stand was 

then calculated as a weighted average, using weights proportional to the relative contribution of each species to the number of 

trees in each stand.  

In order to analyse the role of forest parameters in influencing the vulnerability of forest stands to windthrow, we performed a 140 

multiple linear regression of average critical windspeed as a function of tree density, number of trees, relative species 

composition by volume, DBH, tree height, and height to DBH ratio. We used the gamma distribution since the values for 

critical wind speed are strictly positive. We excluded larch and Scots pine stands because of their small sample size. Since the 

share of beech was correlated to the share of spruce, we included only beech data in the final model. We performed model 

selection using AIC-based stepwise backwards selection. 145 

2.3.2 FlamMap 

We assessed fire hazard using burn probability (i.e., the likelihood of future fire occurrence) considering topography, fuel 

loads and weather using the simulation tool FlamMap. The FlamMap (Finney, 2006; Stratton, 2006) fire mapping and analysis 

system calculates fire behaviour characteristics (e.g., rate of spread, flame length, fireline intensity) and burn probability for 

surface and crown fire for each pixel within the landscape, based on topography, moisture, weather, forest structure, and fuel 150 

conditions, provided each as a raster layer, and a vector layer with user-defined ignition locations. Slope, elevation, and aspect 

were extracted from a digital terrain model (DTM) and resampled at 10m resolution. The main weather variable required by 

the simulations is wind, for which we used a software feature from FlamMap called “Wind Ninja” that uses weather and 

geographical information to calculate a raster of wind direction and speed for the whole study area. The input data included 

air temperature (Zepner et al., 2021), cloud cover (personal communication from local expert), longitude, and time zone. Input 155 

data on forest structural parameters include tree heights, crown base height, and tree cover density. Species-specific, third-

degree polynomial regressions were fitted between DBH and height and between height and crown base height measured in 

the field. We calculated tree height and crown base height for all trees in each plot, and averaged them to obtain estimates for 

each measured forest management unit. For unmeasured forest units, we filled in the average tree heigh and crown base height 

calculated from all other plots in the study area belonging to the same forest type. All 10 m within each forest management 160 

unit were ten assigned the same values of forest structural variables. Tree cover density was estimated from the High-resolution 

Copernicus layer on Tree Cover Density 2018, with a grain of 10 m (European Environment Agency, 2020). 

Fuel data must be provided in the form of standard fire behaviour fuel model (Scott and Burgan, 2005); fuel loads measured 

in the field for five load components (1h – duff and litter, 10h – fine woody debris, 100h – coarse woody debris, live 

herbaceous, and live shrub fuels) were compared to fuel loads of standard fuel by Scott and Burgan (2005) to assign the closest-165 
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matching fuel model to each landscape pixel, at the resolution of 10 × 10 meters. For other forest types that were not included 

in the field sampling, we used a surface fuel dataset for Italy (Ascoli et al., 2020). The fuel loads were compared to the standard 

fuel models, and associated with the standard model that best reflects the characteristics measured. The degree of humidity 

was set to low as we intended to simulate a rather extreme fire weather scenario. 

As a wildfire hazard indicator, we chose burn probability (BP), which has been widely used in assessing wildfire hazard in 170 

forest management plans (Benali et al., 2021). To calculate the burn probability, we instructed the software to generate 500 

random ignitions points in the study area and we set the maximum simulation time in 10 hours.  

We then modelled BP as a function of FlamMap input data, to find the most important drivers of fire hazard. As many input 

variables were collinear, we decided to use regression trees to recognize the most important variables. We included the 

following input parameters: forest type (coniferous/broadleaves), tree height, crown base height, canopy bulk density, crown 175 

cover, elevation, aspect (cosine-transformed) and slope. 

2.4 Vulnerability and risk of carbon stocks and sinks 

We used allometric methods in order to calculate the amount of carbon stocked at the two study areas. Using DBH and tree 

height collected from field measurements and forest management plans, we calculated aboveground tree biomass using 

species-specific allometric equations for Italy (Tabacchi et al., 2011). Biomass was converted into carbon stock using a carbon 180 

density value of 0.47. We then estimated belowground, deadwood, litter and soil carbon using empirical equations from the 

Italian National Forest Inventory (Vitullo et al., 2007).  

In order to calculate carbon sink, we used the increment cores collected in the field. Cores were mounted and sanded in the lab 

following standard dendrochronological methods, then scanned for subsequent analyses. We measured the total width of the 

last ten rings of each tree core using CDendro and CooRecorder (Cybis Elektronik & Data AB). We converted diameter 185 

increment into DBH and tree height time series using previously fitted DBH-height equations, and then to aboveground 

biomass and carbon increment per decade by applying allometric equations.  

In order to evaluate the risk, i.e., the product of hazard and vulnerability, we rescaled the values for windthrow/fire hazard and 

carbon stocks and sinks from 0 to 1. The windthrow hazard was expressed in terms of critical wind speed, where the lowest 

values led to higher probability of windthrow hazard and therefore had to be rescaled from 1 to 0. The vulnerability of carbon 190 

stock and sink to either a windthrow or wildfire hazard was calculated as the product of rescaled hazard value and rescaled 

vulnerabilities (carbon stock and sinks). The highest values indicate the highest vulnerability for carbon stock or sink to 

windthrow or wildfire damage, for a total of four risk maps. 

For all statistical analyses we used R software version 4.2.1 (R Core Team, 2022) together with RStudio version 2023.09.0 

(RStudio Team, 2020). The visualisation was performed using the R package ggplot2 (Wickham, 2016). 195 
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3 Results 

3.1 Windthrow simulations 

The simulated critical wind speeds varied between 5.3 to 25.2 m s-1 with a mean critical wind speed of 15.6 m s-1 for the entire 

study area of Fusine. Greater values for wind speed mean greater ability of forest to withstand a windthrow. The lowest critical 

wind speeds indicate the most vulnerable forest stands. The lowest values were found to be below 10 m s-1 (Fig. 2), which is 200 

probably due to lower densities and high slenderness in the respective forest stands. 

 

Figure 2: Critical wind speeds in m s-1 simulated by ForestGALES at Fusine. The lowest wind speeds show highest vulnerability to 

windthrow (dark brown). Base map: © OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open 

Database License (ODbL) v1.0. 205 

Density, share of beech (volume percentage), tree height and slenderness (ratio between height and DBH) were important 

variables affecting the windthrow hazard (Table 1). More beech compared to spruce resulted in higher critical wind speed 

(Fig. 3). Furthermore, increasing density and lower slenderness led to higher critical wind speed, meaning less vulnerable and 

more stable forest stand. 
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Table 1: Results of regression analysis with gamma distribution to predict the critical wind speed at Fusine. 210 

 Estimate Std. Error t value Pr(>|t|) 

Intercept -4.441e-02 1.435e-02  -3.094  < 0.01 

Density -3.970e-05 5.513e-06 -7.201 < 0.001 

Share of beech -3.237e-02 4.039e-03 -8.013 < 0.001 

Tree height -8.280e-04 3.751e-04 -2.207 < 0.05 

Slenderness 1.656e-01   9.092e-03   18.212 < 0.001 

 

Figure 3: Critical wind speed increases with higher stock of beech within a forest stand. Higher share of spruce increases the 

vulnerability to windthrow. 

3.2 Forest fire simulations 

Fuel loads measured in the field differed in the main forest types (Table 2). The depth for pine forest type were similar as in 215 

the hornbeam, but the fuel loads were lower with an exception of herb layer that was higher in pine forest type. Pubescent oak 

had the highest values of fuel loads for 1-h, 10-h and shrub layer. Spruce forest type reached lowest values in the depth of the 

overall flammable layer and fuel loads for duff, herb and shrub layers. 
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We chose three standard models to represent the forest types at Galeata that were compared to the calculated fuel loads and 

the surface fuel dataset (Table 3 and Table A1 in the Appendix). 220 

 

Table 2: Fuel loads that were manually calculated from the sampling campaign for the main forest types. 

Forest Type Depth (cm) 
Fuel load (t ha-1) 

Duff 1-h 10-h 100-h Herb Shrub 

Pubescent oak 9.54 11.95 8.48 2.60 3.94 0.59 1.60 

Hornbeam 10.83 16.44 5.36 2.46 7.86 0.95 0.75 

Pine 10.48 11.96 5.06 1.05 2.79 3.29 0.15 

Spruce 6.49 6.06 7.42 2.48 8.65 0.19 0.06 

 

Table 3: Association between forest types in Galeata and the standard fuel models from Scott and Burgan (2005). 

Forest Type 

Associated 

Standard Fuel 

Model 

Pubescent oak 164 

Hornbeam 164 

Pine 186 

Spruce 186 

Chesnut 165 

Turkey oak 164 

Douglas fir 186 

Beech 164 

 225 

The burn probability varied across different forest stands at Galeata and was highest in north of the area (Fig. 4). Forest stands 

that are more prone to fire were dominated by pubescent oak and hop-hornbeam. 
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Figure 4: Simulation results of burn probability from FlamMap. Base map: © OpenStreetMap contributors 2024. Distributed under 

the Open Data Commons Open Database License (ODbL) v1.0. 230 

From the regression tree it’s visible that the most important factor in determining the burn probability is the forest cover type 

(coniferous/broadleaves; Fig. 5). In the forest stands with coniferous dominant tree species (pine, spruce or Douglas-fir) the 

calculated fuel loads were the lowest, so the fire hazard was lower compared to the broadleaved-dominated forests. Moreover, 

the elevation and aspect were important parameters influencing the susceptibility to fire, making forests at lower elevations 

and at slopes with aspects from east through south to west more susceptible. Higher crown cover further increases the burn 235 

probability as denser crowns spread potential crown fire faster, and also produce more litter in the forest floor.     
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Figure 5: Regression tree to predict the burn probability at Galeata. Nodes 2 and 3 were formed by splitting node 1 on the predictor 

variable Type. Node 2 consists of all rows with the value of Type = coniferous (24%) and node 3 consist of all rows with 

Type = broadleaves (76%). Next nodes are Aspect, Crown cover, Slope inclination and Elevation. 240 

 

3.3 Carbon stock and sink 

The amount of carbon stock and sink varied by study area and management units (Fig. 6). The C stock at Fusine was greater 

compared to Galeata, but the C sink reached overall higher values at Galeata. The average carbon stock and CO2 sink were 

302 Mg ha-1 and 9 Mg ha-1/year at Fusine and 115 Mg ha-1 and 15 Mg ha-1/year at Galeata.  245 

The final maps of carbon risk are reported in Figure 7. More vulnerable forest stands shown in darker colours and are a result 

of either high disturbance hazard (windthrow or wildfire) or high vulnerability of carbon stock/sink, or a combination of both. 
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Figure 6: The amount of C stock at Fusine (a) and Galeata (c) and CO2 sink at Fusine (b) and Galeata (d). Base map: © 

OpenStreetMap contributors 2024. Distributed under the Open Data Commons Open Database License (ODbL) v1.0. 250 
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Figure 7: The calculated risk to C stock (a) (c) and sink (b) (d) at the two study areas Fusine and Galeata. The darker the colour, 

the higher the risk. The C risk was calculated as the product of the amount of C stock/ CO2 sink and the exposure to either windthrow 

or wildfire. The legend shows classes equally distributed by quantiles. Base map: © OpenStreetMap contributors 2024. Distributed 255 
under the Open Data Commons Open Database License (ODbL) v1.0. 
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4 Discussion 

4.1 Disturbance-related risk for carbon stocks and sinks 

Risk assessment and prevention for fire or windthrow hazard focuses on the human component of vulnerability. However, 260 

forest ecosystem services (ES) of interest to society should also be considered as vulnerable assets, such as climate change 

mitigation (this can be generalized to, e.g., hydrogeologic protection or recreational value). In this study, we have coupled 

state-of-the-art forest disturbance simulation tools with quantitative assessment of forest carbon stocks and sinks to prioritize 

risk prevention strategies in mountain forests. Climate-smart forestry may help to reduce forest disturbances leading to 

mitigation of carbon loss. The combination of the results of the hazard analysis together with the vulnerability to carbon 265 

allowed to identify forest stands with higher carbon risk. In these areas it was thus suggested to carry out proper silvicultural 

interventions. Prevention silviculture aims to enhance those characteristics of forest stands that allow increasing the resistance 

and resilience of forests to the hazards analysed, and consequently minimizing the loss of ES. Different management strategies 

together with future climate will affect the temporal stability and the level of ES provisioning. However, in case of increased 

temporal stability of ES, the level of ES provisioning may be lowered, so an acceptable trade-off should be found for each 270 

local case (Albrich et al., 2018). 

Data collection for simulating the provision of various ES may be based on different data sources from fieldwork or existing 

forest management plans as in our study, or from available digital data like vegetation height models, digital terrain or surface 

models (Brožová et al., 2020, 2021), or other data derived from remote sensing. Such data vary in resolution based on the 

platform and sensor used, and they provide information on crown coverage, canopy gaps, surface roughness, tree height and 275 

other forest structural parameters. Moreover, such parameters may be used to simulate disturbance severity and probability of 

occurrence, and also expected forest growth using models of forest dynamics. These models are useful to assess the impacts 

of climate change or different management scenarios on future levels of ES (Albrich et al., 2018), and to quantify carbon 

amounts “saved” by preventive silviculture as discussed in this paper.  

Our methodology calculates carbon risk as a combination of disturbance hazard analysis together with carbon stock and sink 280 

exposure. Forest disturbance may be simulated using hybrid-mechanistic models (like here used ForestGALES and FlamMap 

models) or statistical models, such as machine learning (Hart et al., 2019; Pawlik and Harrison, 2022). Statistical models 

require information on observed damage and are therefore not suitable if this kind of data is not available. We showed that 

hazard modelling can be a valuable support to forest planning and management in order to maintain or improve the provision 

of ecosystem services. However, simulation tools for disturbance hazard assessment may not be easily used by forest 285 

practitioners. Therefore, we analysed the most predicting parameters for windthrow and wildfire hazards. Forest parameters 

for both disturbance hazards may be easily obtained from databases like forest management plans or available digital elevation 

models. For windthrow hazard, structural parameters like density, tree height and slenderness, together with species 

composition were found to be the most important determining the vulnerability. Denser and taller forests with higher 

slenderness and higher share of spruce led to lower critical velocities, i.e., a higher probability of windthrow. With an 290 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



16 

 

increasing tree height, there is a corresponding increase in the force exerted on the tree at a given wind speed. This increased 

susceptibility to force makes taller, slender trees more prone to windthrow. Indeed, slenderness is one of the most frequently 

used indicators to estimate the stability of trees to strong winds (Hanewinkel et al., 2013). Analysis of satellite images supports 

our results, where natural disturbance like windthrow and bark beetle outbreaks occurred mainly in denser spruce forests 

(Stritih et al., 2021). In a study from Germany, tree height and tree species were the most important predictors for windthrow 295 

damage. Similar to our research findings, also here the coniferous species like Norway spruce was the most vulnerable tree 

species (Albrecht et al., 2012). Wildfires were in our case best predicted by forest type (coniferous/broadleaves), elevation, 

aspect and crown cover. Different forest types influence the probability of fire through various fuel content and also different 

amounts of moisture. Southern and western aspects have warmer and drier conditions due to more sun rays during the day and 

are thus more fire-prone compared to other aspects (Pandey and Ghosh, 2018). Likewise, meteorological factors influence the 300 

probability of forest fire significantly, especially temperature and relative humidity (Zhang et al., 2023b). Using these forest 

parameters together with past event documentation may help forest practitioners to better identify the spatial extent of hazard 

in the mountain forests.  

Mountain forests are more efficient in carbon sequestration in comparison to lowlands, despite the overall low sequestration 

rates compared to the anthropogenic carbon production (Schirpke et al., 2019). In case of disturbance, the in-situ C sink may 305 

shrink (Lindroth et al., 2009) or even turn to C source (Albrich et al., 2022; Yamanoi et al., 2015). Our methodology provides 

a good basis for calculation of forest carbon scenarios in case of improved forest state and thus a decrease in forest damage in 

the future. Furthermore, it is possible to use our data to calculate the amount of carbon credits that may be generated in the 

respective areas. 

Finally, carbon loss mitigation is an important aspect of disturbance avoidance, but maintaining other ecosystem services may 310 

be just as important in the future. Mountain forests provide a variety of ES, both globally and locally, like protection against 

natural hazards, provision of drinking water, food and forage (Schirpke et al., 2019). Timber production has been historically 

one of the most important forest functions – it provided people with building material and energy source. Wood as building 

material is coming back to the focus as it provide a sustainable product substitution and a possible improvement of forest 

carbon sinks (Kauppi et al., 2018). 315 

4.2 Priorities for Climate Smart Forestry 

In forest stands that were most prone for windthrow or wildfire, i.e., had the lowest critical wind speeds (Fig. 2) or the highest 

burn probability (Fig. 4) and the highest amount of carbon stock (Fig. 6), management interventions were proposed. The 

objective in windthrow-prone forests is to improve the resistance characteristics of forest stands to increase the critical wind 

speed causing breakage or overturning. The management practice includes: avoidance of unstable edges prone to higher wind 320 

speeds; selective thinning of individuals with deeper canopy and better anchorage; thinning for increasing growth and stability, 

and reducing natural mortality of individuals; increasing structural (horizontal and vertical), age and species diversity. We 

proposed an increased species diversity at Fusine, where unstable spruce-dominated forests may be regenerated with 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



17 

 

broadleaved species to aim for better stand stability (Nabuurs et al., 2018). Tree height may be decreased by shortening the 

rotation length (Albrecht et al., 2012), which also leads to a reduced probability of windthrow damage (Potterf et al., 2023). 325 

Furthermore, thinning operations, increased structural and age diversity, and avoidance of unstable edges were recommended. 

Such management strategies lead to higher temporal stability of ecosystem services provisioning as e.g., the C stock or timber 

volume (Albrich et al., 2018). 

In case fire-prone forests, the aim is to reduce the flammability of stands through reduction of fuel load and continuity, with 

the purpose of modifying fire behaviour to reduce the intensity of an eventual fire and the consequent loss of stand. The 330 

possible forest interventions include: opening of discontinuities to have more air flow and thus greater heat loss; selective 

thinning with larger diameters and with higher crown insertion; reducing the density and size of individual tree groups; 

reducing the amount of shrub and deadwood to decrease the rate of spread and intensity of the flame, and to prevent fire spread 

from the ground to the crowns. Similarly, we proposed management in forest stands at Galeata with further management of 

continuous forest cover by segregating these. Some of the common climate smart forestry practices in wildfire-prone areas 335 

include thinning and removal of excess fuel, e.g., through prescribed fire. Such practices may improve the health of the forest 

and its ability to resist and increase the resilience to face extreme weather events (Nabuurs et al., 2018). Thinning decreases 

canopy cover and tree density as well as competition, thereby increasing the availability of resources such as ground light 

radiation, water and nutrients and consequently, in proportion to the intensity of the intervention, more vigorous growth of the 

remaining individuals (Pretzsch, 2005). Furthermore, thinning operations increase woody increment, especially with higher 340 

intensities (Bianchi et al., 2010). The difference in increment may reach up to 20-30% more compared to non-thinned forest 

stands (Kim et al., 2016). As a direct consequence of increased growth increment, thinning allows stands to absorb more carbon 

from the atmosphere (Collalti et al., 2018). Comparing the carbon stocks 30 years after thinning with different intensities, no 

change in biomass has been observed and thus no difference in carbon stocks (Erkan et al., 2023). Thinning operations in 

secondary forests increased the tree diversity, which was positively correlated with carbon storage (Zhang et al., 2023a). These 345 

findings may bring good arguments for managing forest for an increased stability and biodiversity, making them more resilient 

and resistant to forest disturbances with no cost in the future biomass yields. 

5 Conclusions 

Implementing climate-smart forestry practices can play a crucial role in minimizing forest disturbances and, consequently, 

mitigating carbon loss. By integrating hazard analysis outcomes with carbon vulnerability assessments, it becomes possible to 350 

pinpoint forest stands at an elevated risk of carbon loss. In these identified areas, strategic silvicultural interventions are 

recommended to address and manage the potential carbon risk effectively. We thus propose a methodology that combines 

simulating disturbance hazard and forest carbon exposure, which may help in risk-related decision making in forests, and 

taking planning decisions for climate-smart forestry. This approach may be replicated in other mountain forests to help 

understanding the actual carbon vulnerability to forest disturbances. 355 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



18 

 

Code and data availability 

Code and data are available from the corresponding author on request. 

Author contribution 

NP performed the statistical analysis and wrote the manuscript. LM performed the fire hazard simulations and wrote the 

manuscript. EN supervised the fieldwork, performed the analysis and wrote the manuscript. GV conceptualised the research, 360 

defined the research structure, wrote and reviewed the manuscript. 

Competing interests 

The authors declare that they have no conflict of interest. 

Acknowledgements 

The authors wish to thank Simone Cavenaghi, Luca Cirea and Vittoria Romagnano for the extensive work in the field. We 365 

thank local foresters for their collaboration: Gianluca Ravaioli and Andrea Ghirelli from Unione di Comuni della Romagna 

Forlivese (Galeata), and Gianfranco Dreossi and Gianluca Barnabà from Servizio foreste e Corpo forestale della Regione 

autonoma Friuli Venezia Giulia (Fusine). This study was funded from the LIFE Programme of the European Union (LIFE19 

CCM/IT/001201) with the project “Promotion and Enhancement of Forest System through different Ecosystem Services aimed 

to increased Carbon Stock” (LIFE CO2PES&PEF). 370 

References 

Albert, K., Annighöfer, P., Schumacher, J., and Ammer, C.: Biomass equations for seven different tree species growing in 

coppice-with-standards forests in Central Germany, Scand J For Res, 29, 210–221, 

https://doi.org/10.1080/02827581.2014.910267, 2014. 

Albrecht, A., Hanewinkel, M., Bauhus, J., and Kohnle, U.: How does silviculture affect storm damage in forests of south-375 

western Germany? Results from empirical modeling based on long-term observations, Eur J For Res, 131, 229–247, 

https://doi.org/10.1007/s10342-010-0432-x, 2012. 

Albrich, K., Rammer, W., Thom, D., and Seidl, R.: Trade-offs between temporal stability and level of forest ecosystem services 

provisioning under climate change, Ecological Applications, 28, 1884–1896, https://doi.org/https://doi.org/10.1002/eap.1785, 

2018. 380 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



19 

 

Albrich, K., Seidl, R., Rammer, W., and Thom, D.: From sink to source: changing climate and disturbance regimes could tip 

the 21st century carbon balance of an unmanaged mountain forest landscape, Forestry: An International Journal of Forest 

Research, 96, 399–409, https://doi.org/10.1093/forestry/cpac022, 2022. 

Ascoli, D., Vacchiano, G., Scarpa, C., Arca, B., Barbati, A., Battipaglia, G., Elia, M., Esposito, A., Garf, V., Lovreglio, R., 

Mairota, P., Marchetti, M., Marchi, E., Meytre, S., Ottaviano, M., Pellizzaro, G., Rizzolo, R., Sallustio, L., Salis, M., Sirca, 385 

C., Valese, E., Ventura, A., and Bacciu, V.: Harmonized dataset of surface fuels under Alpine, temperate and Mediterranean 

conditions in Italy. A synthesis supporting fire management, IForest, 513–522, https://doi.org/10.3832/ifor3587-013, 2020. 

Benali, A., Sá, A. C. L., Pinho, J., Fernandes, P. M., and Pereira, J. M. C.: Understanding the impact of different landscape-

level fuel management strategies on wildfire hazard in central Portugal, Forests, 12, https://doi.org/10.3390/f12050522, 2021. 

Bianchi, L., Paci, M., and Bresciani, A. R.: Effects of thinning intensities in experimental plots of Black European pine in 390 

“Foreste Casentinesi, Monte Falterona and Campigna National Park” (Tosco-Romagnolo Apennine, Italy), eight years after 

the felling, 2010. 

Bovio, G. and Ascoli, D.: Introduzione al fuoco prescritto In: La tecnica del fuoco prescritto, edited by: Aracne editrice, Roma, 

1–30, 2013. 

Brožová, N., Fischer, J. T., Bühler, Y., Bartelt, P., and Bebi, P.: Determining forest parameters for avalanche simulation using 395 

remote sensing data, Cold Reg Sci Technol, 172, 102976, https://doi.org/10.1016/J.COLDREGIONS.2019.102976, 2020. 

Brožová, N., Baggio, T., D’Agostino, V., Bühler, Y., and Bebi, P.: Multiscale analysis of surface roughness for the 

improvement of natural hazard modelling, Natural Hazards and Earth System Sciences, 21, 3539–3562, 

https://doi.org/10.5194/nhess-21-3539-2021, 2021. 

Collalti, A., Trotta, C., Keenan, T. F., Ibrom, A., Bond-Lamberty, B., Grote, R., Vicca, S., Reyer, C. P. O., Migliavacca, M., 400 

Veroustraete, F., Anav, A., Campioli, M., Scoccimarro, E., Šigut, L., Grieco, E., Cescatti, A., and Matteucci, G.: Thinning Can 

Reduce Losses in Carbon Use Efficiency and Carbon Stocks in Managed Forests Under Warmer Climate, J Adv Model Earth 

Syst, 10, 2427–2452, https://doi.org/https://doi.org/10.1029/2018MS001275, 2018. 

Collins, L., Bradstock, R. A., Clarke, H., Clarke, M. F., Nolan, R. H., and Penman, T. D.: The 2019/2020 mega-fires exposed 

Australian ecosystems to an unprecedented extent of high-severity fire, Environmental Research Letters, 16, 044029, 405 

https://doi.org/10.1088/1748-9326/abeb9e, 2021. 

De Crignis, A.: Piano di Gestione Forestale “Proprietà regionale di Fusine” 2021 - 2035 [Forest management plans “Regional 

property of Fusine” 2021-2035], 1–160 pp., 2020. 

Cybis Elektronik & Data AB: CDendro and CooRecorder. 

Dale, V. H., Joyce, L. A., McNulty, S., Neilson, R. P., Ayres, M. P., Flannigan, M. D., Hanson, P. J., Irland, L. C., Lugo, A. 410 

E., Peterson, C. J., Simberloff, D., Swanson, F. J., Stocks, B. J., and Wotton, B. M.: Climate Change and Forest Disturbances: 

Climate change can affect forests by altering the frequency, intensity, duration, and timing of fire, drought, introduced species, 

insect and pathogen outbreaks, hurricanes, windstorms, ice storms, or landslides, Bioscience, 51, 723–734, 

https://doi.org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2, 2001. 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



20 

 

Erkan, N., Güner, Ş. T., and Aydın, A. C.: Thinning effects on stand growth, carbon stocks, and soil properties in Brutia pine 415 

plantations, Carbon Balance Manag, 18, 6, https://doi.org/10.1186/s13021-023-00226-0, 2023. 

European Environment Agency: Tree Cover Density 2018, https://doi.org/https://doi.org/10.2909/486f77da-d605-423e-93a9-

680760ab6791, 2020. 

Evans, M. R., Moustakas, A., Carey, G., Malhi, Y., Butt, N., Benham, S., Pallett, D., and Schäfer, S.: Allometry and growth 

of eight tree taxa in United Kingdom woodlands, Sci Data, 2, 150006, https://doi.org/10.1038/sdata.2015.6, 2015. 420 

Finney, M. A.: An Overview of FlamMap Fire Modeling Capabilities, in: Fuels Management-How to Measure Success: 

Conference Proceedings., edited by: Andrews, P. L., Butler, B. W., and comps, RMRS-P-41. Fort Collins, CO: U.S. 

Department of Agriculture, Forest Service, Rocky Mountain Research Station, Portland, OR, 213–220, 2006. 

Górriz-Mifsud, E., Ameztegui, A., González, J. R., and Trasobares, A.: Climate-Smart Forestry Case Study: Spain, 211–228, 

https://doi.org/10.1007/978-3-030-99206-4_13, 2022. 425 

Gregor, K., Knoke, T., Krause, A., Reyer, C. P. O., Lindeskog, M., Papastefanou, P., Smith, B., Lansø, A.-S., and Rammig, 

A.: Trade-Offs for Climate-Smart Forestry in Europe Under Uncertain Future Climate, Earths Future, 10, e2022EF002796, 

https://doi.org/https://doi.org/10.1029/2022EF002796, 2022. 

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., Schlesinger, W. H., Shoch, D., Siikamäki, 

J. V., Smith, P., Woodbury, P., Zganjar, C., Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P., Gopalakrishna, 430 

T., Hamsik, M. R., Herrero, M., Kiesecker, J., Landis, E., Laestadius, L., Leavitt, S. M., Minnemeyer, S., Polasky, S., Potapov, 

P., Putz, F. E., Sanderman, J., Silvius, M., Wollenberg, E., and Fargione, J.: Natural climate solutions, Proc Natl Acad Sci U 

S A, 114, 11645–11650, https://doi.org/10.1073/pnas.1710465114, 2017. 

Grünig, M., Seidl, R., and Senf, C.: Increasing aridity causes larger and more severe forest fires across Europe, Glob Chang 

Biol, 29, 1648–1659, https://doi.org/10.1111/gcb.16547, 2023. 435 

Hanewinkel, M., Albrecht, A., Schmidt, M., Gardiner, B., Schuck, A., Schelhaas, M.-J., Orazio, C., Blennow, K., and Nicoll, 

B.: Influence of stand characteristics and landscape structure on wind damage, EFI - What Science can tell us, 39–45, 2013. 

Harris, N. L., Gibbs, D. A., Baccini, A., Birdsey, R. A., de Bruin, S., Farina, M., Fatoyinbo, L., Hansen, M. C., Herold, M., 

Houghton, R. A., Potapov, P. V., Suarez, D. R., Roman-Cuesta, R. M., Saatchi, S. S., Slay, C. M., Turubanova, S. A., and 

Tyukavina, A.: Global maps of twenty-first century forest carbon fluxes, Nat Clim Chang, 11, 234–240, 440 

https://doi.org/10.1038/s41558-020-00976-6, 2021. 

Hart, E., Sim, K., Kamimura, K., Meredieu, C., Guyon, D., and Gardiner, B.: Use of machine learning techniques to model 

wind damage to forests, Agric For Meteorol, 265, 16–29, https://doi.org/https://doi.org/10.1016/j.agrformet.2018.10.022, 

2019. 

Jenkins, J. C., Chojnacky, D. C., Heath, L. S., and Birdsey, R. A.: Comprehensive database of diameter-based biomass 445 

regressions for North American tree species, https://doi.org/10.2737/ne-gtr-319, 2004. 

Kahraman, A., Kendon, E. J., Chan, S. C., and Fowler, H. J.: Quasi-Stationary Intense Rainstorms Spread Across Europe 

Under Climate Change, Geophys Res Lett, 48, e2020GL092361, https://doi.org/https://doi.org/10.1029/2020GL092361, 2021. 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



21 

 

Kauppi, P., Hanewinkel, M., Lundmark, T., Hetemäki, L., Peltola, H., and Trasobares, A.: Climate Smart Forestry in Europe, 

2018. 450 

Kim, M., Lee, W.-K., Kim, Y.-S., Lim, C.-H., Song, C., Park, T., Son, Y., and Son, Y.-M.: Impact of thinning intensity on the 

diameter and height growth of Larix kaempferi stands in central Korea, Forest Sci Technol, 12, 77–87, 

https://doi.org/10.1080/21580103.2015.1075435, 2016. 

L’Abate, G., Costantini, E., Roberto, B., Fantappiè, M., Lorenzetti, R., and S., M.: Carta dei Suoli d’Italia 1:1 000 000 (Soil 

map of Italy, scale 1:1 000 000), https://doi.org/10.13140/RG.2.1.4259.7848, 2015. 455 

Lindroth, A., Lagergren, F., Grelle, A., Klemedtsson, L., Langvall, O., Weslien, P., and Tuulik, J.: Storms can cause Europe-

wide reduction in forest carbon sink, Glob Chang Biol, 15, 346–355, https://doi.org/https://doi.org/10.1111/j.1365-

2486.2008.01719.x, 2009. 

Locatelli, T., Tarantola, S., Gardiner, B., and Patenaude, G.: Variance-based sensitivity analysis of a wind risk model - Model 

behaviour and lessons for forest modelling, Environmental Modelling and Software, 87, 84–109, 460 

https://doi.org/10.1016/j.envsoft.2016.10.010, 2017. 

Lozano, O. M., Salis, M., Ager, A. A., Arca, B., Alcasena, F. J., Monteiro, A. T., Finney, M. A., Del Giudice, L., Scoccimarro, 

E., and Spano, D.: Assessing Climate Change Impacts on Wildfire Exposure in Mediterranean Areas, Risk Analysis, 37, 1898–

1916, https://doi.org/https://doi.org/10.1111/risa.12739, 2017. 

Nabuurs, G.-J., Verkerk, P. J., Schelhaas, M.-J., Ramón González Olabarria, J., Trasobares, A., and Cienciala, E.: Climate-465 

Smart Forestry: mitigation impacts in three European regions, https://doi.org/10.36333/fs06, 2018. 

Pandey, K. and Ghosh, S. K.: MODELING OF PARAMETERS FOR FOREST FIRE RISK ZONE MAPPING, The 

International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, XLII–5, 299–304, 

https://doi.org/10.5194/isprs-archives-XLII-5-299-2018, 2018. 

Patacca, M., Lindner, M., Lucas-Borja, M. E., Cordonnier, T., Fidej, G., Gardiner, B., Hauf, Y., Jasinevičius, G., Labonne, S., 470 

Linkevičius, E., Mahnken, M., Milanovic, S., Nabuurs, G. J., Nagel, T. A., Nikinmaa, L., Panyatov, M., Bercak, R., Seidl, R., 

Ostrogović Sever, M. Z., Socha, J., Thom, D., Vuletic, D., Zudin, S., and Schelhaas, M. J.: Significant increase in natural 

disturbance impacts on European forests since 1950, Glob Chang Biol, 29, 1359–1376, https://doi.org/10.1111/gcb.16531, 

2023. 

Pawlik, Ł. and Harrison, S. P.: Modelling and prediction of wind damage in forest ecosystems of the Sudety Mountains, SW 475 

Poland, Science of The Total Environment, 815, 151972, https://doi.org/https://doi.org/10.1016/j.scitotenv.2021.151972, 

2022. 

Peltola, H., Heinonen, T., Kangas, J., Venäläinen, A., Seppälä, J., and Hetemäki, L.: Climate-Smart Forestry Case Study: 

Finland, in: Forest Bioeconomy and Climate Change, edited by: Hetemäki, L., Kangas, J., and Peltola, H., Springer 

International Publishing, Cham, 183–195, https://doi.org/10.1007/978-3-030-99206-4_11, 2022. 480 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



22 

 

Potterf, M., Eyvindson, K., Blattert, C., Triviño, M., Burner, R. C., Burgas, D., and Mönkkönen, M.: Diversification of forest 

management can mitigate wind damage risk and maintain biodiversity, Eur J For Res, https://doi.org/10.1007/s10342-023-

01625-1, 2023. 

Pretzsch, H.: Stand density and growth of Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.): 

evidence from long-term experimental plots, Eur J For Res, 124, 193–205, https://doi.org/10.1007/s10342-005-0068-4, 2005. 485 

Pugh, T. A. M., Lindeskog, M., Smith, B., Poulter, B., Arneth, A., Haverd, V., and Calle, L.: Role of forest regrowth in global 

carbon sink dynamics, Proc Natl Acad Sci U S A, 116, 4382–4387, https://doi.org/10.1073/pnas.1810512116, 2019. 

Quine, C. P., Gardiner, B. A., and Moore, J.: Wind disturbance in forests: The process of wind created gaps, tree overturning, 

and stem breakage, Plant Disturbance Ecology: The Process and the Response, 117–184, https://doi.org/10.1016/B978-0-12-

818813-2.00004-6, 2021. 490 

R Core Team: R: A language and environment for statistical computing., https://www.R-project.org/, 2022. 

RStudio Team: RStudio: Integrated Development Environment for R, http://www.rstudio.com/, 2020. 

Runkle, J. R.: Chapter 2 - Disturbance Regimes in Temperate Forests, in: The Ecology of Natural Disturbance and Patch 

Dynamics, edited by: Pickett, S. T. A. and White, P. S., Academic Press, San Diego, 17–33, 

https://doi.org/https://doi.org/10.1016/B978-0-08-050495-7.50007-7, 1985. 495 

Schirpke, U., Tappeiner, U., and Tasser, E.: A transnational perspective of global and regional ecosystem service flows from 

and to mountain regions, Sci Rep, 9, 6678, https://doi.org/10.1038/s41598-019-43229-z, 2019. 

Scott, R. E. and Burgan, J. H.: Standard Fire Behavior Fuel Models: A Comprehensive Set for Use with Rothermel’s Surface 

Fire Spread Model, 2005. 

Seidl, R., Rammer, W., and Lexer, M. J.: Adaptation options to reduce climate change vulnerability of sustainable forest 500 

management in the Austrian Alps, Canadian Journal of Forest Research, 41, 694–706, https://doi.org/10.1139/x10-235, 2011. 

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi, 

J., Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A., and Reyer, C. P. O.: Forest disturbances 

under climate change, Nat Clim Chang, 7, 395–402, https://doi.org/10.1038/nclimate3303, 2017. 

Senf, C. and Seidl, R.: Mapping the forest disturbance regimes of Europe, Nat Sustain, 4, 63–70, 505 

https://doi.org/10.1038/s41893-020-00609-y, 2021. 

Senf, C., Sebald, J., and Seidl, R.: Increasing canopy mortality affects the future demographic structure of Europe’s forests, 

One Earth, 4, 749–755, https://doi.org/10.1016/j.oneear.2021.04.008, 2021. 

Sommerfeld, A., Senf, C., Buma, B., D’Amato, A. W., Després, T., Díaz-Hormazábal, I., Fraver, S., Frelich, L. E., Gutiérrez, 

Á. G., Hart, S. J., Harvey, B. J., He, H. S., Hlásny, T., Holz, A., Kitzberger, T., Kulakowski, D., Lindenmayer, D., Mori, A. 510 

S., Müller, J., Paritsis, J., Perry, G. L. W., Stephens, S. L., Svoboda, M., Turner, M. G., Veblen, T. T., and Seidl, R.: Patterns 

and drivers of recent disturbances across the temperate forest biome, Nat Commun, 9, 4355, https://doi.org/10.1038/s41467-

018-06788-9, 2018. 

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



23 

 

Stratton, R. D.: Guidance on spatial wildland fire analysis: models, tools, and techniques, U.S. Department of Agriculture, 

Forest Service, Rocky Mountain Research Station, https://doi.org/10.2737/rmrs-gtr-183, 2006. 515 

Stritih, A., Senf, C., Seidl, R., Grêt-Regamey, A., and Bebi, P.: The impact of land-use legacies and recent management on 

natural disturbance susceptibility in mountain forests, For Ecol Manage, 484, 118950, 

https://doi.org/https://doi.org/10.1016/j.foreco.2021.118950, 2021. 

Tabacchi, G., Di Cosmo, L., Gasparini, P., and Morelli, S.: Stima del volume e della fitomassa delle principali specie forestali 

italiane. Equazioni di previsione, tavole del volume e tavole della fitomassa arborea epigea. [Estimation of volume and biomass 520 

of the main Italian forest species. Prediction equations, volume tables and epigeal tree biomass tables.], Consiglio per la Ricerca 

e la sperimentazione in Agricoltura, Unità di Ricerca per il Monitoraggio e la Pianificazione Forestale., Trento, 2011. 

Vacchiano, G., Berretti, R., Mondino, E. B., Meloni, F., and Motta, R.: Assessing the effect of disturbances on the functionality 

of direct protection forests, Mt Res Dev, 36, 41–55, https://doi.org/10.1659/MRD-JOURNAL-D-15-00075.1, 2016. 

Verkerk, P. J., Costanza, R., Hetemäki, L., Kubiszewski, I., Leskinen, P., Nabuurs, G. J., Potočnik, J., and Palahí, M.: Climate-525 

Smart Forestry: the missing link, https://doi.org/10.1016/j.forpol.2020.102164, 1 June 2020. 

Vitullo, M., De Laurentis, R., and Federici, S.: La contabilità del carbonio contenuto nelle foreste italiane [Accounting for 

carbon in Italian forests], Silvae, 3, 91–104, 2007. 

Westerling, A. L., Hidalgo, H. G., Cayan, D. R., and Swetnam, T. W.: Warming and Earlier Spring Increase Western U.S. 

Forest Wildfire Activity, Science (1979), 313, 940–943, https://doi.org/10.1126/science.1128834, 2006. 530 

Wickham, H.: ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag New York, 2016. 

Yamanoi, K., Mizoguchi, Y., and Utsugi, H.: Effects of a windthrow disturbance on the carbon balance of a broadleaf 

deciduous forest in Hokkaido, Japan, Biogeosciences, 12, 6837–6851, https://doi.org/10.5194/bg-12-6837-2015, 2015. 

Zepner, L., Karrasch, P., Wiemann, F., and Bernard, L.: ClimateCharts.net – an interactive climate analysis web platform, Int 

J Digit Earth, 14, 338–356, https://doi.org/10.1080/17538947.2020.1829112, 2021. 535 

Zhang, B., Dong, X., Qu, H., Gao, R., and Mao, L.: Effects of thinning on ecosystem carbon storage and tree-shrub-herb 

diversity of a low-quality secondary forest in NE China, J For Res (Harbin), 34, 977–991, https://doi.org/10.1007/s11676-022-

01531-z, 2023a. 

Zhang, F., Zhang, B., Luo, J., Liu, H., Deng, Q., Wang, L., and Zuo, Z.: Forest Fire Driving Factors and Fire Risk Zoning 

Based on an Optimal Parameter Logistic Regression Model: A Case Study of the Liangshan Yi Autonomous Prefecture, China, 540 

Fire, 6, https://doi.org/10.3390/fire6090336, 2023b. 

  

https://doi.org/10.5194/egusphere-2024-758
Preprint. Discussion started: 10 April 2024
c© Author(s) 2024. CC BY 4.0 License.



24 

 

Appendix 

Table A1: Fuel models chosen to represent forest stands at Galeata to simulate burn probability with FlamMap and the respective 

area with the respective standard fuel model. 545 

Standard 

Fuel 

Model 

Fuel Model 

Code 
Fuel Model Name 

Fuel load (t ha-1)  

1-h 10-h 100-h Herb Shrub Area (ha) 

164 TU4 
Dwarf Conifer 

with Understory 
10.09 0 0 0 4.48 1484.45 

165 TU5 

Very High Load, 

Dry Climate 

Timber-Shrub 

8.97 8.97 6.73 0 6.73 16.93 

186 TL6 
Moderate Load 

Broadleaf Litter 
5.38 2.69 2.69 0 0 444.47  
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