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Protection forests play a key role in protecting settlements, people, and infrastructures from gravitational hazards such as rockfalls and avalanches in mountain areas. Rapid climate change is challenging the role of protection forests by altering their dynamics, structure, and composition. Information on local- and regional-scale impacts of climate change on protection forests is critical for planning adaptations in forest management. We used a model of forest dynamics (ForClim) to assess the succession of mountain forests in the Eastern Alps and their protective effects under future climate change scenarios. We investigated eleven representative forest sites along an elevational gradient across multiple locations within an administrative region, covering wide differences in tree species structure, composition, altitude, and exposition. We evaluated protective performance against rockfall and avalanches using numerical indices (i.e., linker functions) quantifying the degree of protection from metrics of simulated forest structure and composition. Our findings reveal that climate warming has a contrasting impact on protective effects in mountain forests of the Eastern Alps. Climate change is likely to not affect negatively all protection forest stands but its impact depends on site and stand conditions. Impacts were highly contingent to the magnitude of climate warming, with increasing criticality under the most severe climate projections. Forests in lower-montane elevations and those located in dry continental valleys showed drastic changes in forest structure and composition due to drought-induced mortality while subalpine forests mostly profited from rising temperatures and a longer vegetation period. Overall, avalanche protection will likely be negatively affected by climate change, while the ability of forests to maintain rockfall protection depends on the severity of expected climate change and their vulnerability due to elevation and topography, with most subalpine forests less prone to loosing protective effects. Proactive measures in management should be taken in the near future to avoid losses of protective effects in the case of severe climate change in the Alps. Given the heterogeneous impact of climate warming, such adaptations can be aided by model-based projections and high local resolution studies to identify forest stand types that might require management priority for maintaining protective effects in the future.
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1. Introduction

In the Alpine region, the protective role of forests against gravitational natural hazards such as rockfall and avalanches is an essential ecosystem service (Motta and Haudemand, 2000; Schirpke et al., 2019; Stritih et al., 2021). There is a growing need to protect an increasing number of human infrastructures and settlements (Sebald et al., 2019) and the presence of forest can avoid the need for artificial defensive structures or reduce their maintenance costs. In the case of rockfall, the effectiveness of a protection forest, however, depends on multiple environmental factors, namely related to the topography (e.g., slope, initial fall height, terrain shape), the characteristics of the forest (e.g., structure, composition, presence of lying trees), and the rock properties (size, shape, and density) (Dorren et al., 2004). Differently, in the case of avalanches, protection forests mostly prevent snow masses from releasing (Bebi et al., 2001; Schuler et al., 2017), reducing the risk of small to medium avalanches (with a released volume < 1,000 m3 and between 1,000 and 10,000 m3 volume, respectively) (Brang et al., 2006; Teich et al., 2012; Feistl et al., 2014), by stabilizing the snow layer through different mechanisms such as evaporation, sublimation, and snow interception (Teich et al., 2012; Bebi et al., 2022).

Climate change is expected to rapidly alter the key processes driving tree and forest dynamics in the Alps (Maroschek et al., 2009). Mountain areas such as the Alps are particularly vulnerable to climate change, where temperatures have been increasing faster than the global average (Leonelli et al., 2011; Pepin et al., 2015) and with a further acceleration observed over the recent decades (Kotlarski et al., 2023). With a rapidly warming climate, these ecosystems will likely experience an acceleration of their dynamics (Albrich et al., 2022; Thom and Seidl, 2022), such as changes in their regeneration, growth, and mortality processes (Allen et al., 2010; Morán-Ordóñez et al., 2020). Numerous studies have shown negative effects of increasing temperatures and drought-stress on the provision of multiple ecosystem services of mountain forests (Rasche et al., 2012, 201; Elkin et al., 2013; Seidl et al., 2019). For example, studies in the Austrian Alps showed an expected decrease in number of large trees with increasing higher temperatures, as well as significant changes in forest composition, which may affect protective effects in Alpine forests (Albrich et al., 2020; Caduff et al., 2022). Comparable results were also registered in the Swiss Alps, where Norway spruce (Picea abies [L.] Karst) was foreseen to experience a strong decline under a warming future climate (Huber et al., 2020). However, the impact of climate change on multiple ecosystem services provided by mountain forests has been shown to be highly heterogeneous due to the large variability in site and climatic conditions (Mina et al., 2017a).

Since forests are long-living ecosystems characterized by slow dynamics (Lindner et al., 2010; Thom and Seidl, 2016; Albrich et al., 2018), evaluations of future potential impacts of a changing climate on their development and protective effects can only be addressed with simulation models. Models of forest dynamics (Bugmann and Seidl, 2022) are tools that can give useful indications of the long-term effects of climate change on forest ecosystems, particularly if they include the most important ecological processes influencing forest dynamics under changing environmental conditions (Bosela et al., 2022). Among them, forest succession (gap) models have been proven to be flexible tools capable to accurately simulate stand dynamics at the local scale, considering both changes in the climate and in the environmental condition, but also being useful for improving decision-making strategies and decision supporting systems (Rasche et al., 2012; Searle et al., 2021). Several studies applied forest succession models to evaluate forest responses to climate change and ecosystem services provision (Shugart et al., 2018), often including protection against gravitational hazards assessed with indicators expressing the protective effects of forests, based on stand characteristics such as structure and composition (Elkin et al., 2013; Mina et al., 2017b; Thrippleton et al., 2020). Only a few studies, however, have explicitly investigated the protective effects of forests under changing climate using models of forest dynamics (Cordonnier et al., 2008; Moos et al., 2021; Moos and Lischke, 2022). So far, only forests in the Northern Alps (i.e., Switzerland) were investigated on this key aspect (Rasche et al., 2012; Huber et al., 2020; Thrippleton et al., 2020), while a few examples of studies on protection forests in the Italian Alps exist but excluding climate change (Scheidl et al., 2020; Costa et al., 2021). Most importantly, dynamic forest models like the one applied in this study (see below) have never been tested nor applied in the Italian Alps (Vacchiano et al., 2012). Investigating whether and how the protective effects of mountain forests characterized by different environmental condition is likely to be affected by a changing climate is of crucial importance to support adaptations in management strategies and to increase long-term forest resilience.

In the present study, we applied the model of forest dynamics ForClim (Bugmann, 1996) to examine the impact of climate change on future forest structure and composition, and how these affect protective effects in mountain forests of the Eastern Alps. We selected representative sites distributed across a study area to cover different climatic and environmental conditions, as well as species composition that are typical for montane and subalpine protection forests and addressed the following questions: (1) how will different climate change scenarios affect the dynamics of mountain forests in the Eastern Italian Alps until the end of the 21st century? (2) On the basis of assumed climate change scenarios, what long-term effects will the structural and compositional changes of forest stands have on their protective effects?



2. Materials and methods


2.1. Study area

The study area covers the Autonomous Province of Bozen/Bolzano, South Tyrol (hereafter South Tyrol), in northern Italy (Figure 1). The climate is heterogeneous because it is influenced by air masses coming from both continental and Mediterranean areas (Zentralanstalt fr Meteorologie und Geodynamik (ZAMG), Abteilung Brand- und Zivilschutz – Autonome Provinz Bozen, Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto (ARPAV), 2015). Mean annual temperature varies largely with elevation (from 12.5°C at 246 m a.s.l. in Bozen/Bolzano to 3.3°C at 1,903 m a.s.l. in Sulden/Solda in the inner Alps) while precipitation pattern is highly influenced by topography (from 505 mm/year in dry inner alpine valleys such as the Vinschgau/Venosta to 1,299 mm/year in the Dolomites) (Crespi et al., 2021). More than half of the study area‘s surface (375,351 ha, 51%) is covered by forests, mainly dominated by conifers such as Norway spruce (Picea abies), European larch (Larix decidua), Scots pine (Pinus sylvestris), Swiss stone pine (Pinus cembra), and silver fir (Abies alba) (Gasparini et al., 2022). Broadleaved trees cover a marginal portion of the overall forested area (2 % of standing volume) but species such as European beech (Fagus sylvatica) and oaks (Quercus pubescens, Q. petraea) play an important role in the southern part of the province. The montane elevational belt, ranging from ca. 1,000 to 1,600 m a.s.l., is widely dominated by spruce, while from the subalpine elevation belt (1,600–2,300 m a.s.l.), spruce is gradually replaced by larch and Swiss stone pine (Autonomous Province of Bolzano/Bozen, 2010). More than 90% of the forest area is subject to forestry-hydrogeological constraint (i.e., national legislation that limits the intensity of silvicultural interventions to avoid soil denudation that could trigger erosion and loss of stability of mountain slopes; cf. (Floris and Di Cosmo, 2022) and about 58% of forests are considered protection forests, of which 24% have a direct protective effects, i.e., they are directly placed above infrastructures (roads, rail network) and settlements protecting them from natural hazards (Kössler Aichner et al., 2021, 81).
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FIGURE 1
Overview of the study area and the study sites (white triangles, see Table 1 for explanations of codes). Colored layers indicate area covered by forests with different levels of protection: direct protection (i.e., forest area actively protecting settlements or infrastructures from rockfall and/or avalanches), indirect protection (protection of soil from erosion, landslide) (Autonomous Province of Bolzano/Bozen, 2007, 2013). Photos show three sites as an example: a subalpine larch-Swiss stone pine stand (SUB_LPc1), a mature beech forest (MON_B) and a boulder stopped by a tree in a montane spruce-fir stand (MON_SpF2; credits: L. Hillebrand, M. Mina).


For our simulation experiment, we selected forest sites distributed across the entire study area (Figure 1 and Table 1). To do so, we overlapped the mapped distribution of the forest types of the region (Autonomous Province of Bolzano/Bozen, 2010) with the map of the forest’s protective effects and the map of known occurrences of rockfalls or avalanches (Autonomous Province of Bolzano/Bozen, 2013). Since the ForClim model required to be initialized with forest data at the single-tree resolution, we looked for recent and available forest stand data from two datasets, such as the Biodiversity Monitoring South Tyrol (Hilpold et al., 2023) and the local forest management plans of the Provincial Forest Services (Autonomous Province of Bolzano/Bozen, 2010)–see section “2.2.4. Forest stand data and forest management” and section “S1.2. Forest stand initialization.” We eventually selected eleven sites with available forest stand data that fulfilled the above mentioned criteria (Figure 1). The sites ranged from 950 to 2,000 m a.s.l., with mean annual temperature spanning from 2.9 to 9.2°C and annual precipitation ranging from 589 mm in the inner alpine valleys to 1,144 mm at the northernmost sites bordering Austria (Table 1 and Supplementary Figure 5). Exposition varied from north to south-south-west and all sites had a slope of above 30°. The sites included all the dominant tree species found across the study area, with a prevalence of Norway spruce commonly mixed with European beech and silver fir, but also European larch and Swiss stone pine dominating the subalpine belts, and Scots pine often forming pure stands in south-exposed slopes.


TABLE 1    List of the forest sites with: name of the municipality, elevation (rounded to 50 m), mean annual temperature and precipitation sum, exposition, slope, type of forest management regime (MFP, mountain forest plentering; TC, target cutting; NM, unmanaged), dominant tree species in order of basal area abundance (legend: B = European beech, Sp = Norway spruce, F = Silver fir, Ps = Scots pine, L = European larch, Pc = Swiss stone pine).
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2.2. Simulation modeling


2.2.1. Forest model ForClim

ForClim is a climate-sensitive forest succession model developed to simulate stand-scale forest dynamics over a wide range of environmental conditions (Bugmann, 1996; Shugart and Smith, 1996). Following the assumptions of gap models and the ecological concept of patch dynamics (Botkin et al., 1972), ForClim simulates forest succession on multiple independent patches with a size that represents a small area of land (Bugmann, 2001). Within each patch, processes such as establishment and growth of cohorts (i.e., trees with same age and species) are modeled based on environmental inputs and internal state variables such as available light, soil moisture, browsing pressure, soil nutrients, growing season temperatures and winter temperature. Tree diameter and height are calculated based on the principle of growth-limiting factors (Moore, 1989) while mortality derives from combined age- and stress-related components (Bircher et al., 2015; Huber et al., 2020).

ForClim requires a variety of input data and parameters to simulate forest dynamics, from data on site biophysical conditions (e.g., topographic and soil information) to climate variables and species-specific parameters denoting the ecological characteristics of tree species (Gutiérrez et al., 2016; Huber et al., 2018). The model also requires climatic inputs such as monthly means of mean air temperature and precipitation sum, and it uses an internal weather generator that creates climatic series for the desired simulation timespan by sampling stochastically from a normal distribution for temperature and a log-normal distribution for precipitation (Bircher et al., 2015). A management submodel (Rasche et al., 2011) allows the application of a wide range of silvicultural interventions, from clear cuts to shelterwood felling, thinning to more complex management regimes such as removals by relative and absolute diameter classes (Mina et al., 2017b) and mountain forest plentering (Thrippleton et al., 2020). The model is parameterized for > 30 European tree species (see Supplementary Table 4 for parameters used in the current study) and it has been applied to multiple temperate forests worldwide (Gutiérrez et al., 2016; Mina et al., 2017b; Martin-Benito et al., 2022), undergoing several evaluations and validation routines under different site conditions (Rasche et al., 2012; Huber et al., 2018). In this study we used ForClim v 4.0.1 (Huber et al., 2020). As comparing different model variants to account for uncertainties in processes formulation (i.e., background mortality and maximum establishment rate) was beyond the scope of our study, we used only one variant for our simulations [variant 1 from Huber et al. (2021)].



2.2.2. Current climate and climate change scenarios

For current climatic conditions (hereafter baseline), monthly time series of average temperature (°C) and precipitation sum (mm) from 1980 to 2010 were derived from a gridded dataset of daily temperature and precipitation covering Trentino/South Tyrol at 250 m resolution for the period 1980–2018 (Crespi et al., 2021). It was obtained by interpolating a quality-checked and homogenized archive of weather station records covering the region and surrounding countries. For South Tyrol, about 95 (for temperature) and 80 (precipitation) stations were included in the observation database. The accuracy of interpolated daily fields was assessed through a leave-one-out validation procedure against station observations, which reported no systematic biases and an average absolute error of 1.5°C for temperature and 1.1 mm for precipitation (Crespi et al., 2021). Monthly averages, standard deviations and cross-correlations of temperature and precipitation, needed as an input for the ForClim stochastic weather generator, were calculated at each site, with annual mean temperature ranging from 2.5 to 9.2°C and total annual precipitation from 589 to 1,144 mm (Supplementary Figure 5).

Future climate change scenarios were derived from CHELSA V2.1 (Karger et al., 2017, 2020). This dataset provides a preselected, bias corrected combination of downscaled global climate models (GCMs) and emissions scenarios driven by different socioeconomic assumptions, so-called shared socio-economic pathways (SSPs), from the Coupled Model Intercomparison Project Phase 6 (Karger et al., 2021). We selected two out of the five featured GCMs in CHELSA, GFDL-ESM4 and UKESM1-0-LL, as they were given the highest priorities following the ISIMIP3b protocol. Priority was assessed according to the models’ performance in the historical period (1850–2014), as well as availability of required data (Lange, 2021). We then selected two scenarios as representative for moderate and severe climate change, namely SSP1-RCP2.6 and SSP3-RCP7 (O’Neill et al., 2017). We excluded SSP5-RCP8.5 as it is often deemed as highly unlikely worst case scenario that has recently caused controversy and debates among scholars on its application in simulation models (Hausfather and Peters, 2020; Hausfather et al., 2022). CHELSA provides 30-year averages of monthly temperature and precipitation for different time periods (1981–2010, 2011–2040, 2041–2070, and 2071–2100) at 1 km spatial resolution. For each scenario and model we calculated the differences in seasonal mean temperature and precipitation between subsequent 30-year periods, using the last period as reference for the next one and including the historical period (1981–2010) which was used as the first reference period. Lastly, season-specific delta values for each future climate scenario were used as inputs for the simulation. When the long-term changes for 2071–2100 were computed with respect to current conditions (1981–2010), all future scenarios and models showed temperature increases in all seasons, while shifts in precipitation varied depending on the scenario and season (Figure 2). Climate change scenarios were ranked and renamed as “CC1” for SSP1 and “CC2” for SSP3, with letters indicating the climate model (a = GFDL_ESM4; b = UKESM1-0-LL).
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FIGURE 2
Climate change delta values for temperature and precipitation averaged over all study sites per season (spring = March to May; summer = June to August; autumn = September to November; winter = December to February). Values are differences between the period 2071–2100 and the CHELSA historical period (1981–2010). Scenario combinations: CC1a = SSP126/GFDL_ESM4, CC1b = SSP126/UKESM1_0_LL, CC2a = SSP370/GFDL_ESM, CC2b = SSP370/UKESM1_0_LL.




2.2.3. Local soil conditions

Parameters expressing soil conditions such as soil water holding capacity and available nitrogen were derived from the descriptions for each forest type where our forest sites were located (Supplementary Figure 1 and Supplementary Table 1). Browsing pressure affecting seedling survival probability after browsing (Didion et al., 2011) was derived from assessments made in the field during data collection (i.e., severity of damage from ungulate to regeneration). Other needed site-specific inputs such as exposition, slope and latitude were retrieved from the available information from the original datasets and verified with a digital elevation model. Additional details on the derivation of the site-specific parameters are provided in section “S1.1. Site-specific inputs.”



2.2.4. Forest stand data and forest management

The forest stands were initialized using forest data from two province-wide datasets: Biodiversity Monitoring South Tyrol (Hilpold et al., 2023) and the local forest management plans (Cullotta and Maetzke, 2009) by the South Tyrol’s Provincial Forest Services (Autonomous Province of Bolzano/Bozen, 2010). The first is a long-term monitoring program of biodiversity, which includes survey in South Tyrol’s forests following the field protocol by fixed-area sample plot of the Italian National Forest Inventory (Supplementary Figure 2; Gasparini et al., 2022). The second include stand-level information and angle-count sampling data (Supplementary Figure 3 and Supplementary Table 2) that are being collected in the framework of the renewal of forest management plans on forests under public ownership or large private properties across the province. The year of survey of forest data ranged from 2016 to 2022 (Supplementary Table 1). The two datasets used for initialization differed in terms of callipering thresholds and sampling area; all details about the forest stand initialization, as well as model testing, are given in the sections “S1.2. Forest stand initialization” and “S1.3. Model testing and parameterization” (Supplementary Figure 4).

Information on current forest management strategies were obtained from the forest management plans and the forest types of South Tyrol (Autonomous Province of Bolzano/Bozen, 2010, 2021). Following the principles of sustainable forest management outlined in the Provincial Forest Strategy (Autonome Provinz Bozen - Südtirol, 2011), periodic harvested volume should not exceed stand increment to allow long-term sustainability. For protection forests, usually located in steep terrain and at high elevation, forests management options become increasingly constrained, and interventions are executed mainly to assure sufficient regeneration (Frehner et al., 2005). A typical management regime is mountain forest plentering (MFP), which represents small-scale felling of groups of trees with the aim of promoting regeneration by enhancing light and temperature at the forest floor (Allgaier Leuch et al., 2017). Thus, on most of our sites we applied the MFP harvesting algorithm in ForClim, which mimic the harvesting of tree groups above a defined target diameter in small patches that is typical of protection forests in the Alps (Thrippleton et al., 2020) while on a montane site dominated by beech we applied the target cutting harvesting function (Rasche et al., 2012). On the two subalpine sites at the highest elevation, no management interventions such as harvesting or planting were scheduled according to information gained from the Forest Services, thus we did not simulate any silvicultural treatment (Table 1). Further details about the ForClim management module and implementation of forest management scenarios are found in “section S1.4. “Forest management scenario (Supplementary Table 3).”




2.3. Experimental design and analysis

We ran our simulations of forest dynamics for baseline climate (i.e., no climate change) and four climate scenarios representing moderate (CC1a and CC1b) and severe climate change (CC2a and CC2b). All simulations included current forest management regime that was defined for each a site as above and were run with a selected number of tree species according to the site (see section “S1.2. Forest stand initialization”). Simulations were designed to start the year following the survey of the forest stand data and were run on 200 forest patches with a size of 531 m2 until the year 2100. To evaluate expected changes in forest structure and composition, we analyzed species-specific and stand-level model outputs such as stem number, basal area and biomass. We also calculated an index of tree size inequality (Gini index), which expresses size diversity in forest stands and ranges from 0–perfect equality of individual tree’s basal area–and 1 for maximum theoretical inequality (Cordonnier and Kunstler, 2015; Bourdier et al., 2016).

To assess protective effects against gravitational hazards we calculated dimensionless protection indexes: the rockfall protection index (RPI) and the avalanche protection index (API). The rockfall protection index (Cordonnier et al., 2014; Mina et al., 2017a) was calculated by dividing the current energy dissipation of the stand by the dissipating maximal energy, expressed as the probable residual hazard (PRH). Dissipating maximal energy is thereby a function of stand (percentage of evergreen and deciduous species, average DBH), rock (volume and mass of rock) and terrain features (slope angle and fall height at start). Depending on a threshold of basal area (10 m2/ha), Eq. 1 or Eq. 2 is used. PRH (Eq. 3a) is then used to calculate the RPI (Eq. 3b), which ranges from 0 to 1, denoting the percentage of rocks stopped by the forest, and having a minimum value of 0.01 (i.e., 1%).
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where Φrock = rock diameter [m], N = stems/ha, slope = slope angle [°], EvG = percentage of evergreen species (on basal area level), DcD = percentage of deciduous species (on basal area level), [image: image] = average DBH [cm], ρ = rock density [kg/mł], Fih = initial fall height [m] (Cordonnier et al., 2014). Rock types for each site (Supplementary Table 1) were derived from geological maps in the scale of 1:1,000 from the Italian Institute for Environmental Protection and Research (ISPRA) of the Italian Government. The rock densities were subsequently derived from a table published by the University of Berlin (Carmichael, 1984; Kobranova, 1989; Schön, 2015). In order to evaluate rockfall protection from different rock size, we calculated three different RPIs expressing protection from boulders with different volume and equivalent diameter: RPI1 for small rocks with volume 1 m3 and equivalent diameter 1.24 m, RPI2.5 for medium rocks with volume 2.5 m3 and diameter 1.68 m, and RPI5 for large rocks with volume 5 m3 and diameter 2.12 m. Additional description on the formulation of the RPI can be found in Cordonnier et al. (2014).

The avalanche protection index (Elkin et al., 2013; Thrippleton et al., 2020) was calculated based on the ratio between current stand and ideal protection parameters according to knowledge developed in the project “Sustainability and monitoring of performance in protection forests” by Frehner et al. (2005) in Switzerland. The API (Eq. 4) uses a combination of both interception and stability, which are key processes when it comes to the effective protection of forests against avalanches (Berger, 1997). Interception depends on stand leaf area index (LAI) and the fraction of evergreen trees (Eq. 5), while stability is contingent on the density of the stand, which varies depending on the steepness of the slope (for slopes ≥ 40> Eq. 6 is used and Eq. 7 for slopes > 40°).
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All analysis and visualization were performed with the R language and environment for statistical computing, version 4.0.1 (R Core Team, 2022).




3. Results


3.1. Changes in forest structure and composition

Both montane and subalpine study sites showed changes in forest structure and composition under the different climate scenarios (Figure 3). Overall, a general decreasing trend in stem number, basal area and biomass under climate change was recognizable in montane forests with exceptions in both elevational belts.
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FIGURE 3
Percent change in stem number, basal area and biomass under baseline and climate change scenarios relative to current conditions.


Simulations under baseline climate resulted with the highest increase in stem number in all montane forests except for MON_B, where moderate climate change (i.e., CC1a, CC1b) induced higher increases in tree density than baseline (CC1a with + 120%). The largest decrease in stem number for montane sites was observed under the most severe climate change scenario (CC2b; maximum of −83% in MON_SpF1) in all but one site, MON_SpF2, where relative changes were less pronounced and the largest decrease was found under CC2a. Four montane sites (i.e., MON_Sp, MON_B, MON_SpF1, and MON_SpF2) showed a (partial) increase in stem number under climate change scenarios, with decreasing trends mainly under CC2b. In the subalpine forests, instead, we observed a general increase in stem number, which was consistently the highest under baseline (except at sites SUB_Sp2 and SUB_Sp3 where the highest increases were observed under CC1a) and the lowest under severe climate change. Only in SUB_Sp1 stem number declined under all scenarios, while in SUB_Sp3 a sudden reduction was observed only under severe climate change (−56% under CC2b). Overall, if we only compare climate change scenarios, stem number was always the highest under the mildest climate change projection (CC1a) and the lowest under the most severe one (CC2b), suggesting a general decline in tree number with more pronounced future temperature changes. Stand basal area increased only on two (MON_SpF2, MON_Sp) out of six montane forests. In three sites (MON_SpF1, MON_B, MON_SpFB) we observed a decline in basal area, which was larger the more severe the climate change scenario (e.g., up to −98% in site MON_B under CC2b). Overall, the reductions in basal area were more intense than the increases, which were rather modest (e.g., max +23% in MON_SpF2 under CC2a). On the contrary, in the majority of the subalpine forests (four out of five), basal area generally increased under climate change, although not in a large amount (max + 27% in SUB_LPc1 under CC2b). The sole exceptions were SUB_Sp3, where basal area declined regardless the climate change scenario (up to −70% under CC2b), and SUB_Sp2, where a reduction in basal area occurred only under CC2b.

In terms of forest biomass, our results showed a heterogeneous trend depending on the climate scenarios. Biomass generally increased in every site under baseline and under the mildest climate change, likely due to establishment of new cohorts and accelerated forest dynamics (see Discussion) but often showed a drastic reduction under the most severe climate change scenario (e.g., down to −97% in MON_B under CC2b), although in a few montane forests biomass increased even under CC2b (e.g., MON_SpF2, MON_Sp). Consistently with the trend for basal area, biomass in subalpine forests generally increased under climate change. This variable sometimes reached its maximum under CC2b (e.g., as in SUB_Sp1 and SUB_LPc1) with the exception of SUB_Sp3, where biomass increased under the mildest climate scenario (CC1a) but drastically declining under severe climate change (−65% under CC2b). Size diversity was also affected differently according to the forest site and climate scenarios (Supplementary Figure 7). In most of the montane sites (e.g., MON_SpF1, MON_B), tree size diversity was projected to increase under baseline and mild climate change compared to current conditions but it declined when climate change was simulated to be more severe. In some cases, however, montane forests were projected to become generally more heterogeneous in terms of diameter distribution (MON_Sp, MON_SpFB). Size diversity in subalpine forests, instead, was less affected by climate change, showing future increases in size heterogeneity compared to current conditions (SUB_Sp2, SUB_Sp3) or no major changes (SUB_LPc1, SUB_LPc2) but overall no substantial differences among the climate scenarios.

Temporal pattern of species-specific changes in basal area differed substantially among sites (Figure 4 and Supplementary Figure 6), especially due to differences in initial species composition. Although we did not observe drastic changes in projected species composition across our forest stands, some species were more affected by climate change than other. This, however, differed depending on the site and climate scenario. For example, European larch in MON_SpF1 and MON_SpFB persisted until 2100 under baseline climate, but it gradually declined until being completely absent from those stands under climate change, with steepest reductions observed under severe climate change.
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FIGURE 4
Simulated changes in species-specific basal area under baseline and climate change scenarios for selected forest sites. Results for the other sites are given in Supplementary Figure 6.




3.2. Protective effects

All montane sites experienced a decline in avalanche protection under climate change (Figure 5 and Supplementary Figure 8). API was generally higher under current conditions and was projected to decrease in the future under baseline climate and climate change scenarios. Severe climate change (CC2b) often induced drastic reductions of avalanche protection, as in sites MON_SpF1, MON_SpFB and MON_B (API as low as 0.03 in 2100 under CC2b) but not in site MON_Sp where API reductions were projected to be minimal. In the subalpine sites too, avalanche protection was generally higher under current conditions and was projected to reduce under climate change. While in some sites projected changes of the API were minimal (e.g., SUB_Sp1, SUB_Sp2) in others avalanche protection declined with intensifying climate change (SUB_Sp3). In one site (SUB_LPc1), API was very low also under current conditions (0.29), showing that the structure of this forest is at present time not suitable to protect against avalanches.
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FIGURE 5
Projected changes in protection indexes for the forest sites under baseline climate and selected climate change scenarios (mildest CC1a, most severe CC2) compared to simulation start (Current). API = Avalanche Protection Index, RPI = Rockfall Protection Index (see section “2.3. Experimental design and analysis” for explanations of differences between RPI1, RPI2.5 and RPI5).


Current rockfall protection across all sites was the highest for small rocks (RPI1 higher than 0.59 for 9 out of 11 sites) than for medium (RPI2.5) or large rocks (RPI5). Rockfall protection was projected to generally increase–or to remain constant–in the future under baseline climate. However, climate change impact on this indicator differed according to the site and to the intensity of climate change. For montane sites, mild climate change induced no or little differences of RPIs compared to current conditions (e.g., see MON_B, MON_SpFB, MON_SpF1) but severe climate change (CC2b) caused drastic declines of rockfall protection (Figure 5), which in some cases did not occur under the second strongest climate scenario (CC2a for MON_SpFB in Supplementary Figure 8). In some sites (MON_SpF2, MON_Sp), all three rockfall protection indices increased under climate change scenarios, in line with the projected increases of tree size diversity (Supplementary Figure 7). However, in MON_SpFB rockfall protection declined strongly under CC2b despite an increase in tree size diversity likely because average stand DBH decreased drastically. For subalpine sites, rockfall protection was generally projected to increase under baseline and climate change scenarios. All three RPIs increased in every site under all climate scenarios compared to current conditions, except in SUB_Sp3 where rockfall protection decreased only under the most severe climate change scenario–which is in line with the simulated decline in stem number (Figure 3) despite an increase in tree size diversity (Supplementary Figure 7).




4. Discussion

This study reveals a heterogeneous impact of climate change on protective effects in mountain forests of the Eastern Italian Alps. Overall, changing climate did not show having negative effects on all kind of protection forests but its impact depends on site and stand conditions (i.e., elevation, species composition, geographical location) as well as on the intensity of projected climate change. In the long term, however, expected changes of forest structure (i.e., reductions in basal area and/or biomass) and composition (i.e., reduction of Norway spruce) might jeopardize the role of mountain forest to protect against avalanches and rockfall.


4.1. Future development of montane and subalpine forests under climate change

We found that elevation and topography–altering local climate in a mountain environment–as well as current forest composition–often altered by past management–play an important role in determining the projected severity of climate change impacts. Our simulations indicate that stands at lower elevations (montane belt) are the ones that are likely to be more strongly affected by climate change. Future drier and hotter conditions like those projected under our most severe scenario (−25% annual precipitation by 2100) caused drastic stress-induced tree mortality in our simulations, resulting in decreases in forest biomass and basal area. This is particularly the case of spruce and spruce-fir forests located within dry inner Alpine valleys or in the Prealps, which might become maladapted to future climate conditions due to increased drought-induced mortality (Jolly et al., 2005; Honkaniemi et al., 2020). This coincides with a study conducted by Falk and Hempelmann (2013) who transferred the relation between species occurrence and climate to projected future climatic conditions, showing a regression of Norway spruce in large parts of the Alps. Other studies carried out in the Swiss Alps have also shown that low-elevation stands will likely be impacted by drought-induced mortality in the future (Thrippleton et al., 2020; Huber et al., 2021).

Contrarily, climate change had a minor or no impact on simulated forest dynamics and structural characteristics of most forest stands located at high elevations (i.e., subalpine forests). However, even within subalpine forests the trend in our results were not consistent across all sites, indicating that elevation alone is not the only determinant of local climate in a topographically complex region such as South Tyrol. For example, Norway spruce-dominated subalpine forests located in dry, inner Alpine valleys seem to be more sensitive to climate change than similar stands located in the transitional Alps or Prealps. This likely because of notable differences in precipitation regimes and increasing evapotranspiration trends under dryer climate (Jolly et al., 2005; Van Der Maaten-Theunissen et al., 2013; Ponocná et al., 2016). This further confirms that local-specific conditions (inner Alps vs. Prealps) and species composition (i.e., stands in which Norway spruce has been promoted in the past) are pivotal factors when it comes to the sensitivity to climate change, with spruce’s forests being more vulnerable at the trailing dry edge of their distribution (Lévesque et al., 2013). These results are in line with previous studies showing a high climate sensitivity of this species, particularly at its xerothermic range limit (Boden et al., 2014; Honkaniemi et al., 2020).

Subalpine larch- and Swiss stone pine-dominated forest stands located in the proximity of dry inner Alpine valleys (e.g., stand SUB_LPc1) experience a precipitation regime that is similar to dry inner Alpine valley spruce stands. However, being located at a higher elevation they also face a shortened vegetation period. The reason that these stands did not experience similar mortality in our simulations as the subalpine Norway spruce stand are twofold: (1) European larch and Swiss pine are more drought-tolerant than Norway spruce at higher elevations (Obojes et al., 2020); (2) vegetation period is shorted and here the main factor limiting growth is temperature rather than drought. Studies in the same geographical area demonstrated different behaviors of these species toward climate warming, for instance the ability of European larch to profit from a warmer temperature (Obojes et al., 2022), at the expense of Swiss pine growth close to the tree line (Motta et al., 2006).

Climate change also seems to have a stronger impact on those forests located in the Prealps, such as those sites at the southern edge of our study region (e.g., montane beech MON_B and mixed spruce-fir-beech MON_SpFB). Our projections here showed reductions in basal area in both stands, with drastic declines the more severe the climate change scenario, reaching as low as 1 m2/ha in the beech dominated stand. In this site, our results under mild climate change scenarios showed an increase in simulated stem number, indicating that large-diameter beech trees might experience a high mortality rate–and compensated by new regeneration cohorts–even under the most optimistic changes in climatic regime. In the south-located montane site with a mixture of spruce-fir-beech, our simulation instead showed a decrease in both stem number and basal area under all climate change scenarios despite being at a slightly higher elevation than other sites that instead showed gains in basal area (e.g., MON_SpF2 in the transitional inner Alps). This further indicates that geographical position within the Alpine mountain range and exposure to different precipitation regimes due to topography has an important influence on the development of mountain forests (Mina et al., 2017b). According to past studies, at some location in the Prealps current cumulative precipitation is barely sufficient for the growth of the main occurring tree species such as silver fir, European beech and Norway spruce (Lyr, 1992; de Rigo et al., 2016).

Current stand conditions and species composition also appeared to be a crucial factor influencing the future impact of climate change on forest dynamics. For instance, our only Scots pine-dominated stand (MON_Ps) experienced only a very minor decrease in basal area and biomass, which became apparent only toward the end of the simulated period under the most severe climate change scenario. This is assumingly due to the high drought-tolerance of Scots pine compared to other late-successional species such as spruce and beech (de Rigo et al., 2016). A dendroclimatological study in the Austrian Alps also found Scots pine to be better adapted to drought than Norway spruce (Schuster and Oberhuber, 2013), suggesting that at some sites this species could be promoted via silvicultural interventions as an alternative (or mixed) to spruce. In drier, low-elevation sites, past studies have shown that even Scots pine might be affected by drought-induced mortality, and that it will be likely replaced by pubescent oaks (Q. pubescens) (Rigling et al., 2013). However, in our experiment we did not consider forests at low elevation (i.e., below 1,000 m a.s.l.) or close to the valley bottom, which certainly deserve further investigation. Compared to spruce and beech, Silver fir also appears to be better adapted to cope with a warmer future climate (Vitasse et al., 2019). While other species in our simulations experienced a clear reduction under climate change–confirming that they will likely be maladapted to future climate–silver fir generally exhibited a minor decline, partially even gaining in relative share in basal area at intermediate elevations (but not in the montane site within dry inner Alpine valleys). Van Der Maaten-Theunissen et al. (2013) came to a similar conclusion, stating that the growth of silver fir is limited by water availability only at very low elevation. This is consistent with previous studies, showing that this species might be more drought-tolerance under a warmer climate (up to 5–7°C) if annual precipitation do not fall below a certain threshold (Tinner et al., 2013; Hartl-Meier et al., 2014).

Another factor worth mentioning and playing a role in defining vulnerability of a forest stand to climate change is exposition due to topography. Among our stands, NNE and NE exposed sites showed lower sensitivity in terms of simulated changes in forest structural characteristics due to climatic changes, the only exception being the N-exposed, low-elevation spruce-fir forest (MON_SpF1), because located in a dry, inner Alpine valley and already prone to drought-stress. Finally, current forest management–as we designed and implemented in the simulations–only had a negligible influence in future forest dynamics, but the aim of our investigation was on climate change impacts rather than designing and evaluating alternative management scenarios.



4.2. Impacts on protective effects

As a consequence of projected changes in forest structure, the protective effect of forests showed a heterogeneous trend under different site conditions and climate scenarios. Yet, we could identify some general patterns from our findings for our study area and considering our methodology: (1) avalanche protection will likely be negatively affected by climate change; (2) the ability of montane forests to maintain rockfall protection depends on the severity of climate change; (3) most subalpine forests will still be able to maintain rockfall protection under climate change.

Most of the stands in our study showed reductions of avalanche protection compared to current state, decreases that were also observed under baseline climate. This is likely due to simulated reductions in stems with a diameter greater than 8 cm due to competition for light and perhaps partly to management, which is a major factor in the calculation of stand stability within the avalanche protection index. Even if in some cases tree size heterogeneity was projected to increase–denoting a higher diversity in diameter distribution–future avalanche protection decreased. Although our methodology does not take into account the upward shift of the forest (see also further below), this indicates that the ability of a forest to stabilize a mountain slope against avalanche release depends on multiple aspects than merely an uneven distribution in stem diameter classes (Bebi et al., 2022). Also, although our simulations showed increases in stem number due to regeneration, not all newly established trees might reach the 8 cm threshold, creating gaps in DBH distributions of the simulated stands. Similar findings were reported by Maroschek et al. (2015) for a mountainous forest district in Austria, where avalanche protection was also found to be negatively impacted by climate change [but see Bebi et al. (2012) who found a potential positive impact of continuing recent temperature trend on subalpine avalanche protection forests]. Temperli et al. (2020) also projected a decreased avalanche protection across Swiss forests, although their assessment was more related to future disturbance effects rather than the direct effect of climate change on forest dynamics.

Our findings indicate that rockfall protection can be generally maintained–or even increased–under the most optimistic climate scenarios. This is due to the simulated increase in average DBH following the growth development of forest stands, and to which rockfall protection is positively related (see section “2.3. Experimental design and analysis”). As long as climate does not change drastically, Alpine forests are likely to experience higher tree growth and therefore higher basal area and biomass leading to a generic increase in protective effects against rockfall (Lingua et al., 2020). As forests in the Alps might experience a climate-induced acceleration in their dynamics even under the mildest climate scenarios (Thom and Seidl, 2022), maintaining a stable stand structure for protection via management might be problematic in the future (Brang, 2001). However, the simulated climate change effects under the most severe scenario (CC2b) can have pronounced consequences for the ability of montane forest stands (and even of some subalpine) to protect against rockfall. Concerning this aspect, our findings are consistent with results from previous modeling studies (Elkin et al., 2013; Mina et al., 2017a; Thrippleton et al., 2020) and additional expertise projections (Essl and Rabitsch, 2013). Moos et al. (2021) also found that the protective effects of forests against rockfall may substantially decline at sites particularly prone to drought stress. It is also possible that other tree species more adapted to a warmer climate, e.g., tree of heaven (Ailanthus altissima) might migrate and replace current dominant ones in the future. Although the presence of neophytes might not compromise the potential rockfall protection (Moos et al., 2019), we acknowledge that this aspect was not considered here.

On the other hand, we also found that most subalpine forests will likely experience an increase in rockfall protective effects. This is due to negligible simulated changes in species composition and increased average stand DBH thanks to warming that will induced a longer vegetation period at high elevation, where temperature is currently the main limiting factor to tree growth (Tranquillini, 1979; Holtmeier, 1993; Lenz et al., 2013; Körner, 2021). However, our outcomes also demonstrate that not all subalpine forests will be able to maintain rockfall protection. For example, spruce-dominated subalpine stands in dry inner alpine valleys (as site SUB_Sp3) might also be affected by drought-induced mortality if climate change will shift beyond a specific threshold of severity (e.g., CC2b). In this case, high local resolution studies like the one here presented can help identifying forest stand types that might require management priority (e.g., harvesting to improve structure, assisted tree species migration along elevational gradients) for maintaining protective effects in the future. Additionally, warming climate might also promote forest expansion at the upper elevations, where, combined with crops and pastures abandonment, forest can theoretically provide increased protection against rockfall and avalanche hazards (Berger et al., 2013). Although of high interest, the topic of timberline expansion should be better investigated using spatially-explicit forest landscape models (Shifley et al., 2017).



4.3. Methodological aspects

The model applied in the present study has been widely tested at multiple locations across the Alps (Rasche et al., 2011; Elkin et al., 2013; Bugmann et al., 2017; Mina et al., 2017a). ForClim has also been compared to other models of forest dynamics, showing rather good performances in reproducing forest development when assessed against inventory records (Irauschek et al., 2021). However, there are factors and aspects that are not included in the model or were not considered in our experiment. ForClim, for example, does not explicitly simulate herbaceous vegetation, thus competition between tree regeneration and herbaceous layer–that can delay establishment and therefore forest dynamics as shown by Thrippleton et al. (2018)–was not considered. It is therefore possible that our simulations might have overestimated tree establishment at some sites, like in the subalpine larch–Swiss pine dominated site (Angulo et al., 2019; Vacek et al., 2021). Another aspect to consider is the sudden decline of basal area and biomass for the two most southern study sites under climate change. Such high mortality might be partly overestimated due to fact that the temporal resolution of the climate input data (monthly) and the transformation of precipitation values into the log naturalis in ForClim were possibly not able to accurately capture the variation of precipitation that typically occur within a month, thus overestimating the impact of drought, which can cause the growth reduction function within the model to reach zero, in some cases. This aspect has been circumvented in past studies by weighting the annual index considering the different influence of seasons based on tree ring data (Mina et al., 2016) or by constraining growth reduction based on species-specific tree ring width observation collected in the field (Zamora-Pereira et al., 2021). Additionally, more robust approaches to initialize forest models with representative stand data such as the one presented by Mey et al. (2021) would have been helpful to overcome the limitation of using truncated data from small forest samples. We herewith acknowledge such limitations and recommend further investigations on this aspects for future studies on protective effects on mountain forests.

We also recognize that our simulations only considered the direct impact of climate change on forest stands, as we did not include natural disturbances. Biotic and abiotic disturbances such as insect outbreaks, fires, windstorms are likely to increase with a warming climate (Bebi et al., 2017; Jakoby et al., 2019; Hlásny et al., 2021) causing an increased mortality due to a reduced resistance of trees (Netherer et al., 2015). These may have even stronger impacts on protective effects against natural hazards (Caduff et al., 2022). However, these effects, as well as the direct interactions between gravitational disturbances and forest conditions should be better explored with spatially-explicit forest landscape models coupled with three-dimensional rockfall and avalanche module (Zurbriggen et al., 2014; Moos and Lischke, 2022). Lastly, the climate change scenarios used for this study feature temperature and precipitation values up until the year 2100 (Karger et al., 2017, 2020). As no climate projections were available beyond this year, instead of assuming a stabilization of climate at the end of the century as often done with simulation models (Seidl et al., 2019; Mina et al., 2022) we limited our simulation experiment until 2100 although climate change might continue to affect forest dynamics on a much longer term. Hence, changes in forest structure, as well as its effect on protective effects should be investigated for longer timeframes, when possible, and on a larger array of climate scenarios to better account for the uncertainty in future climatic projections.




5. Conclusion

This study presents an assessment at high local resolution on the potential impact of climate change on protection forests in the Eastern Italian Alps. Such investigations can be highly relevant to identify forest stand types that are–or will be–more vulnerable of losing the provision of specific ecosystem services such as protection against gravitational hazards. Knowing in advance what type of protection forests are more prone to mortality because likely maladapted to future climate change can aid decisions in forest management, so that targeted interventions can be planned in the long-term to enhance forest adaptability and resilience to climate change.

For our study region, key conclusions were that (1) the protective effects of lower elevation, montane forests–which often provide imminent direct protection to human settlements and infrastructures–are likely to be jeopardized by climate change, but their vulnerability depends on how severely climate will change as well as local site- and forest conditions. These protection forests should receive special priority in forest planning, and proactive measurements in management should be taken in the near future to avoid losses of protective effects in the case of severe climate change. (2) Most subalpine forests will still be able to maintain protection against natural hazards, but some of them might also be exposed to adverse climate change impacts, particularly those located in dry inner Alpine valleys and spruce-dominated. Given the potential risk of natural disturbances (herewith not considered), we recommend further model-based investigations protection forests of the Italian Alps. Finally, this study remarks the need of rapidly abating climate-altering emissions to avoid worst-case climate scenarios that could induce severe damages on forest ecosystems and the key services they provide, including protection.
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