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Abstract 

Mountain forests provide a wide variety of ecosystem services to society. In light of the trend 

of temperature increase and related climatic extremes in the Greater Alpine Area, mountain 

forests are likely to undergo dramatic changes in the coming centuries. Therefore, forest 

managers face the challenge of adapting forests to support resilience to climate change. 

To facilitate this process, the forest gap model ForClim, a process-based forest succession 

model, was applied to generate site-specific information on future forest stand 

development and species composition. The tree species composition without management 

activities was predicted up to 2100 assuming a stable climate, and for both moderate and 

severe climate-change scenarios. Furthermore, three different forest stand development 

scenarios were implemented. The forest stand investigated in our research shows significant 

climate-sensitivity. Results demonstrate that deciduous mixed forest stands are necessary to 

increase resilience and manage forests for climate change. Using active silvicultural 

measures, such as assisted migration through planting thermophilus species, negative 

effects of climate change could be reduced. The modelling approach presented here is 

appropriate for assessing the impacts of climate change and supporting decision making 

by local forest managers. 
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1 Introduction  

Predicting forest growth and stock volume is an age-old task in forestry science, going back to 
the first yield tables in the 19th century, e.g. Hartig (1847); Lorey (1878); Weisse (1880); 
Schwappach (1890). With these early attempts to quantify forest productivity, the foundations 
for sustainable management of natural resources were laid. Static yield tables for single-species, 
evenly-aged forest stands (Assmann & Franz, 1963) are still widely used. However, the high 
proportion of mixed-species, unevenly-aged, structurally diverse forest stands in mountain 
areas have always hampered their implementation in mountain forests. Besides static yield 
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tables, dynamic models for predicting forest growth were also developed and gained increasing 
popularity (Röhle, 2004). The general shift in forestry towards mixed-species forests (BFW, 
2019), and the fact of heterogeneous and non-static environmental conditions, enhanced the 
demand for dynamic growth models for forest management. 

In addition to sustainable timber production (BMNT, 2018), mountain forests provide a wide 
variety of ecosystem services, e.g. prevention of natural hazards (Berger et al., 2013), 
recreation, welfare (Forest Act, 1975) and carbon storage (Prietzel & Christophel, 2014). In 
view of the trend of temperature increase and related climatic extremes in the Greater Alpine 
Area (Auer et al., 2014), and the continuously increasing global carbon emissions (Le Quéré et 
al., 2018), mountain forests are likely to undergo dramatic changes in the coming centuries 
(Allen et al., 2010). Therefore, forest managers face the challenge of adapting forests and 
supporting resilience to climate change (Rasche et al., 2011). To facilitate this process, dynamic 
vegetation models can generate site-specific information on future forest stand development 
and species composition (Seidl et al., 2011). Alongside process-based models, correlative 
species distribution models (Guisan et al., 2017) are widely used; an overview of the 
applications in forest management is given by Pecchi et al. (2019). 

The development of decision support systems in forest management is reviewed by Vacik and 
Lexer (2014), who identified the main challenge as balancing ease-of-use and model complexity 
due to users’ growing information demands. As well as applications in practical management, 
model-based decision support also has the potential to be used in forest policy-making 
(Linkevičius et al., 2019).  

As year-round settlements in mountain areas are primarily located at lower elevations, public 
demands on lower-altitude forests are especially high. Predictions of climate change impacts 
(Remund & Augustin, 2015) and forest disturbances in recent decades (e.g. Bigler et al. (2006); 
Jump et al. (2006)) suggest that forests at lower elevations are especially susceptible. Hence, 
investigating the impacts of climate scenarios at drought-prone low-elevation sites is crucial 
for forest management.  

By applying a process-based, climate-sensitive forest succession model, this study investigates 
future tree species composition and growth at sites that may be critically affected by drought 
stress under climate change. To guarantee the transferability of the approach and to increase 
its usability, open-source products was used in designing the workflow. Demonstrating the 
expected change in tree species composition will support decision making in the context of 
adaptations for climate change. 

2 Material and Methods 

2.1 Study site and data recording  

The forest investigated is located in the valley of the river Inn in the province of Tyrol, Austria 
(Figure 1). The study site is at an elevation of 670 m asl and has a steep (30°), south-west facing 
(200°) slope. The average annual rainfall is c. 1160 mm, and the annual mean temperature c. 
8.1°C (ZAMG, 2015). The geological bedrock material consists of calcareous, coarse, fluvial 



Simon 

67 
 

sediments which develop to a mosaic of Renzic Leptosols and Calcareous Cambisols (IUSS 
Working Group WRB, 2014). The potential natural vegetation type of the study site is classified 
as forest dominated by European beech (Fagus sylvatica (L.), ranging from Carici albae-
Fagetum on the slightly drier ridge and the upper slope, to Mercuriali-Fagetum caricetosum 
albae from mid-slope down to the bottom of the slope (Forest Site Classification Tyrol, 2018). 
The forest stand is dominated by Scots pine (Pinus sylvestris (L.)) and Norway spruce (Picea 
abies ((L.) Karts)). In the understorey, P. abies dominates, with occasional common oak 
(Quercus robur (L.)) and F. sylvatica. The only occurring black pine (Pinus nigra (J.F.Arnold)) 
is combined with P. sylvestris for further analysis.  

A plot of 10,000 m² (180 x 55 m) was marked out at the study site; each tree above 7 cm in 
diameter at breast hight (DBH) was recorded, and along with its DBH (cm), its height (m) and 
x-y location were also noted. To describe the soil properties, two soil profiles were excavated, 
described according to the Austrian soil classification (Nestroy et al., 2011) a plant-available 
water storage capacity of 85 dm³*m-2 was calculated according to Arbeitskreis 
Standortskartierung (2003). The 60 kg*ha-1 nitrogen stock available for plant growth was 
estimated to be 2% of the total nitrogen in the soil (Blume et al., 2009), based on the analysis 
of soil-profile data with comparable bedrock material (Simon et al., 2021).  

 

Figure 1: Location of the study site and current tree-species distribution of the forest stand. 

2.2  Dynamic forest model  

To model the future tree species composition, the tried and tested forest gap model ForClim 
(Bugmann, 1996), developed by the Forest Ecology Group of ETH Zurich, was used. Forest 
gap models in general are widely used by forest ecologists to address a large number of applied 
research questions. In these models, forests are represented as a composite of many small 
patches of the same size, usually defined by the crown size of an adult tree. Each patch can be 
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of a different age and successional stage, and is horizontally homogeneous; exact tree position 
within the patch is not taken into account. All patches have the same resource level, and 
patches do not interact with each other. Tree establishment, growth and mortality are modelled 
for each patch individually (Bugmann, 2001).  

ForClim Vers. 4.0.1 (Huber, 2019) consists of four submodels, namely WEATHER, PLANT, 
WATER and MANAGEMENT. The present study considers only the first three of these. The 
PLANT submodel was initialized using data for the current forest stands (Figure 1). By default, 
30 tree species are parametrized for central Europe (Huber, 2019). Of these, the tree species 
that are currently found at the site and a set of naturally occurring tree species (Forest Site 
Classification Tyrol, 2018) were selected for modelling. For the current forest stand, a patch 
size of 400 m² was selected with which to initialize the model. Due to the irregular shape of 
the forest stand (Figure 1), the total area was divided into just 24 patches (9,600 m²). In order 
to upscale to the recommended 200 modelling patches (Forest Ecology Group, 2019), 
representing an area of 8 ha, the patches were repeated, each eight times, to which were added 
eight randomly selected patches. To account for the regeneration of trees between 1 cm DBH 
and the recording threshold of 7 cm DBH, individuals were added to the patches based on 
field estimations. 

The input data for the WEATHER (Table 1) and WATER submodels are derived from the 
recorded site data and climatic data. The general model variant ‘24’ was implemented (Huber 
et al., 2020) to define the regeneration routine, the allocation of growth to height and diameter, 
and the background mortality (Forest Ecology Group, 2019). This variant reduces the strong 
differences between shade-tolerant and shade-intolerant species through recruitment 
limitation of shade-tolerant species (E6*) and growth allocation (A2). These assumptions are 
in line with empirical findings on regeneration patterns of the shade-tolerant species Fagus 
sylvatica and Abies alba (Nagel et al., 2010). The background mortality (M1) of this model 
variant is described as a u-shaped relationship between DBH and mortality probability. This 
relationship represents high mortality in the early life-stages of saplings, and increased 
mortality of mature trees (Monserud & Sterba, 1999).  

2.3 Simulation scenarios and climate data 

Tree species composition was predicted in annual timesteps from 2020 to 2100. Three 
different climate scenarios were applied for the simulation: a stable climate with an 
extrapolation of the current climate (A) (data for 1 January 1981 to 31 December 2010); a 
moderate climate-change scenario (B), and a severe climate-change scenario (C), represented 
by Representative Concentration Pathways (RCPs) of 4.5 and 8.5 (IPCC, 2014) for B and C 
respectively. Since the different RCPs do not start to show greater differentiations before 2050 
(IPCC, 2014), two timesteps were implemented for the climate-change scenarios (Figure 2). 
These time steps were 1 January 2020 to 31 December 2070, and 1 January 2071 to 31 
December 2100. All necessary climate data (Table 1) were selected from the ÖKS15 datasets 
(ÖKS15, 2016) with a 1x1 km spatial resolution, provided by the Climate Change Centre 
Austria (data.CCCA). The reference period of these datasets is 1961–2005, with a temporal 
resolution of 24h. The data are generated by the EURO-CORDEX model ‘cnrm-cerfacs-
cnrm-cm5’ using the ‘r1i1p1’ ensemble; they are corrected for bias (in scaled distribution 
mapping) using observations from Spartacus or GPARD (ZAMG, 2015). The climate data 
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used in scenario A give a mean annual temperature (MAT) of 9.2°C and a mean annual 
precipitation (MAP) of 1,127 dm³*m-2 for the period 1981–2010. These serve as a baseline in 
the model. The MAP is thus similar to the 1,079 dm³*m-2 given by the 3PClim dataset 
(ZAMG, 2015); for the MAT, the same data source gives slightly cooler conditions, of 8.6°C. 
For scenario A, monthly data is used; for scenarios B and C, only seasonal data are needed 
(Table 1) by ForClim. For the last decade of the modelling period, Scenario B (for moderate 
climate change) shows a MAT increase of 1.7°C, and scenario C (for severe climate change) 
shows a MAT increase of 3.5°C (see Figure 2). The MAT thus increases progressively from 
the start of the modelling period. For precipitation, the climate scenarios show a slight increase, 
of around 1–4%, especially during winter. 

 

Figure 2: Predicted changes of Mean Annual Temperature (MAT) for the climate-change scenarios. 

The baseline is the MAT for 1981–2010. 

Based on the current stand data, three different forest stand development scenarios were 
developed for the simulation: a business-as-usual scenario (I), allowing only currently-present 
species to grow and regenerate; a mixed species scenario (II), allowing for migration of species 
through natural regeneration; and a mixed species scenario with assisted migration (III) in 
which the best-performing species of scenario II are planted at the beginning of the modelling 
period. The trees planted in scenario III are considered to have a DBH of 1 cm and height of 
150 cm; they are added to the present forest stand. The species for planting in scenario III are 
chosen from among those with the best performance in the mixed species scenario (II); how 
many were planted and the proportions of different species are based on the current forest 
stand structure and the silvicultural requirements of the species selected. In the present case, 
400 Quercus petraea and 200 Tilia cordata saplings*ha-1 were planted at the beginning of the 
modelling period. This corresponds to 3 groups of 8 saplings for each patch (400 m²) (2 groups 
of Q. petraea, and one 1 of T. cordata), or a total of 75 groups*ha-1, 50 of which were 
comprised of Q. petraea, and 25 of T. cordata. 
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Table 1: Climate data for ForClim simulation scenarios, with data sources. 

variable data source 

current climate (A) 

(Jan, Feb, Mar, Apr, May, Jun, Jul, Aug, Sep, Oct, Nov, Dec) 

monthly mean temperature (mT) 
https://hdl.handle.net/20.500.11
756/1dba52b2 monthly temperature standard deviation (sdT) 

monthly mean precipitation (mP) 
https://hdl.handle.net/20.500.11
756/9df12611 monthly precipitation standard deviation (sdP)  

monthly temperature–precipitation cross-correlation (rTP) calculated from mT and mP  

climate change RCP 4.5 (B) 

(Spring: Mar, Apr, May; Summer: Jun, Jul, Aug; Autumn: Sep, Oct, Nov; Winter: Dec, Jan, Feb) 

seasonal mean temperature (CC_mT) 
https://hdl.handle.net/20.500.11
756/1dba52b2 seasonal temperature standard deviation (CC_sdT) 

seasonal mean precipitation (CC_mP) 
https://hdl.handle.net/20.500.11
756/9df12611 seasonal precipitation standard deviation (CC_sdP)  

seasonal temperature–precipitation cross-correlation 
(CC_rTP) 

calculated from CC_mT and CC_mP 

climate change RCP 8.5 (C) 

(Spring: Mar, Apr, May; Summer: Jun, Jul, Aug; Autumn: Sep, Oct, Nov; Winter: Dec, Jan, Feb) 

seasonal mean temperature (CC_mT) 
https://hdl.handle.net/20.500.11
756/dd922ed4 seasonal temperature standard deviation (CC_sdT) 

seasonal mean precipitation (CC_mP) 
https://hdl.handle.net/20.500.11
756/b1899294 seasonal precipitation standard deviation (CC_sdP)  

seasonal temperature–precipitation cross-correlation 
(CC_rTP) 

calculated from CC_mT and CC_mP 

2.4  Data processing and modelling 

The data and output processing as well as the model runs were performed using the statistical 
software R (R Core Team, 2019). The climate data (Table 1) were accessed in netCDF format 
using the R package ncdf4 (Pierce, 2017). The transformation of the climate and stand data 
into XML structure for the ForClim model input was carried out using the R package XML 
(Duncan, 2020). To capture stochastic processes (e.g. recruitment, mortality) in the model, 
each model run was repeated 100 times, changing the seed of the random generator 
(seedValue) in the ForClim setup file. The upscaling of the present forest stand was repeated 
100 times to test for random effects in the model initialization. The aggregation of the multiple 
iterations was carried out using R package matrixStats (Bengtsson, 2020). For graphical output, 
the R package lattice (Sarkar, 2008) was used. The modelling workflow was documented using 
a business process model and notation (see the supplements).  

https://hdl.handle.net/20.500.11756/1dba52b2
https://hdl.handle.net/20.500.11756/1dba52b2
https://hdl.handle.net/20.500.11756/9df12611
https://hdl.handle.net/20.500.11756/9df12611
https://hdl.handle.net/20.500.11756/1dba52b2
https://hdl.handle.net/20.500.11756/1dba52b2
https://hdl.handle.net/20.500.11756/9df12611
https://hdl.handle.net/20.500.11756/9df12611
https://hdl.handle.net/20.500.11756/dd922ed4
https://hdl.handle.net/20.500.11756/dd922ed4
https://hdl.handle.net/20.500.11756/b1899294
https://hdl.handle.net/20.500.11756/b1899294
https://github.com/simonalois/cliffs
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3 Results 

3.1  Growth patterns of individual species 

For the prediction of the tree species composition, the following species from the present 
forest stand were selected: Silver fir (Abies alba (Mill.)), sycamore maple (Acer pseudoplatanus 
(L.)), European larch (Larix decidua (Mill.)), Norway spruce (Picea abies) and Scots pine (Pinus 
sylvestris) (Figure 1); also selected were: European beech (Fagus sylvatica) and common oak 
(Quercus robur), which were occasionally present in the regeneration; sessile oak (Quercus petraea 
((Matt.) Liebl.)), small-leaved lime (Tilia cordata (Mill.)), and large-leaved lime (Tilia platyphyllos 
(Scop.)) as thermophilus trees of lower elevations; and silver birch (Betual pendula (Roth)) and 
whitebeam (Sorbus aria (Crantz)) as typical pioneer species. The predicted tree species 
composition is characterized by the total volume [m³*ha-1], which describes the stock of the 
forest stand. The temporal response pattern of the growth parameters for the mixed species 
scenario with natural regeneration (scenario II) under different climate conditions is illustrated 
in Figure 3. Of the tree species investigated that are not currently present in the forest stand, 
Q. petraea and T. cordata showed the best growing performance in terms of volume increment 
(Figure 3). Replacing Q. robur by Q. petraea in the model showed that the latter performed 
significantly better than the former. The same was true for the two lime species: T. cordata was 
superior to T. platyphyllos. The pioneer species are not shown in Figure 3 as they reach only 
very low values in all climate scenarios, with a maximum of 0.16 m³*ha-1 under the current 
climate scenario. All tree species currently present in the forest stand (Figure 1) showed a 
reduction in volume under the severe climate-change scenario (RCP 8.5, Figure 3C) compared 
to the current climate (Figure 3A) up to the end of the prediction period. Even under the 
moderate climate-change scenario (RCP 4.5, Figure 3B), a negative trend is observed for L. 
decidua and above all for P. abies, which is the only species that already shows a negative trend 
under current climate conditions. The decline of P. abies shows a very low standard deviation 
over the whole modelling period. P. sylvestris turned out to be the most resilient species at the 
site, increasing its share significantly under all climate scenarios. It is only at the end of the 
modelling period that it shows a slight decline in volume for all climate scenarios. 

3.2  Growth patterns of stand development scenarios 

The development of the growing stock under the three different stand development scenarios 
is illustrated in Figure 4. For the tree species currently present and their natural regeneration 
(I), a decrease of volume is predicted for climate-change scenarios B and C compared to the 
growth pattern under current climate conditions. For the last decade (2090–2100), for the 
moderate and severe climate-change scenarios, the mean decreases are 2.9 ± 31.8 and 21.9 ± 
29.7 m³*ha-1 (± standard deviation) respectively. The second stand development scenario 
(Figure 4, II), which allows for the natural regeneration of mixed species, was developed from 
the results of the individual species’ performances (Figure 3). The increasing volume, especially 
of Q. petraea and T. cordata and to a certain extent of F. sylvatica (Figure 3), counteracts the 
negative development of the climate-change scenarios. For the RCP 8.5 scenario, a decrease 
of 3.8 ± 33.7 m³*ha-1 is predicted for the last decade; for the current climate and for the RCP 
4.5 scenario, increases of 14.0 ± 30.5 and 12.4 ± 29.3 m³*ha-1 (mean ± standard deviation) are 
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predicted for the last decade. The third stand development scenario, with planting at the 
beginning of the modelling period, leads to an increase in stock for all climate scenarios (Figure 
4, III) compared to the baseline. The increases for the last modelling decade (mean ± standard 
deviation) are as follows. For the current climate: 61.0 ± 36.0; for the moderate climate-change 
scenario (RCP 4.5): 59.8 ± 31.4; for the severe climate-change scenario (RCP 8.5): 37.2 ± 36.7 
m³*ha-1. 

  

Figure 3: Predicted tree species composition of the mixed-species regeneration scenario (II) for the study 

site under different climate scenarios. A: current climate, B: moderate climate-change scenario (RCP 

4.5), C: severe climate-change scenario (RCP 8.5); black line: mean of 100 model runs; shaded area: 

standard deviation of 100 model runs. 
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Figure 4: Change in growing stock for different stand development and climate scenarios in relation to 

the predictions for stand development scenario I under current climate scenario (A). I: present species 

regeneration only; II: mixed species regeneration; III: mixed species regeneration and planting. Solid 

line: mean of 100 model runs; shaded area: standard deviation of 100 model runs for current climate 

(grey), RCP 4.5 (light orange), and RCP 8.5 (light red). 

4 Results 

4.1  Methodological considerations 

In this study, the dynamic forest succession was modelled up to the end of the twenty-first 
century. The forest stand responses are driven by the establishment, growth and mortality of 
individual trees related to climate scenarios (e.g. length of growing season) or soil moisture 
(Forest Ecology Group, 2019). The effects of forest disease (Sturrock et al., 2011) or outbreaks 
of bark beetle or defoliating insects are not considered in the modelling approach presented 
here, although these disturbance agents can change the competitive relationship between 
species and the pathways of stand development quite dramatically (Seidl et al., 2017).  

Furthermore, the parametrization of the ForClim model for the tree species characteristics does 
not contain intraspecific variation resulting from different tree provenances, although these 
can modify the response to extreme climatic events (Wang et al., 2020). However, more 
detailed parametrization would not be beneficial if the origin of the forest stand under 
investigation is unknown, as in the majority of forest stands. A trade-off between general 
validity and specialization is ubiquitous in dynamic vegetation models and many other 
modelling approaches. A recent evaluation of various forest ecosystem models that use long-
term inventory data (Irauschek et al., 2021) evidenced ForClim’s suitability for stand 
development projections. To assess the impacts of climate change, raise awareness and support 
decision making, predicting general growth patterns of species and forest stands is considered 
perfectly adequate. 
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As reproducibility in research is also an increasingly important topic in geographic information 
science (Nüst et al., 2018), the modelling workflow was implemented using Free/Libre and 
Open Source Software (FLOSS). This should guarantee the transferability of the application 
and increase its usability.  

As the mean and standard deviation of 100 iterations of the model runs are shown, the change 
in species composition and growth seem to be gradual, rather than abrupt, after the disturbance 
of stands or removal of single species. Although the prediction uncertainty is high, extreme 
climatic events, like heatwaves and droughts, will shape forest ecosystems to a greater extent 
than gradual changes in average conditions (Fuhrer et al., 2006). Such tipping-point dynamics, 
resulting in sudden drought-related tree mortality, become very likely with progressing climate 
change (Allen et al., 2015). Therefore, non-linear responses of ecosystems should also be 
considered in the management recommendation. 

4.2  Species-specific growth patterns  

Although the trajectories of temperature changes (Figure 2) show relatively small differences 
between the emission scenarios (RCP 4.5 and 8.5) for the first half of the century (IPCC, 2014), 
the impacts on the species differ. The growth responses intensify as time goes on, and at the 
end of the century clear trends in species-specific growth patterns can be identified. 

The most notable development was for Picea abies, which shows a strong reduction in volume 
under all climate scenarios (Figure 3 A–C). The low standard deviation of this growth patterns 
indicates a high correspondence between all model runs. It is predicted that P. abies will be 
almost absent from the site by the end of the century. In the face of the extensive dieback of 
P. abies at lower elevations of Central Europe, initiated by the drought in 2018 (Krejza et al., 
2020), a strong decline is likely. As P. abies was for a long time planted far beyond its natural 
distribution range (Spiecker, 2000), it also occurs at marginal sites where a general withdrawal 
is observed (BFW, 2019). P. abies seems to be at high risk in the study site, in terms of its 
resilience and adaptation to climate change, as well as in terms of sustainable timber production 
and provision of ecosystem services. 

The temporal pattern for volume growth of Larix decidua was not as clear as for P. abies, but it 
did show a slightly negative trend up to 2070, which strengthened over time (Figure 3, B and 
C). This is interpreted as the high climate-sensitivity of L. decidua at the study site. The response 
of L. decidua to drought and therefore its silvicultural suitability under climate change need to 
be studied more closely. The results are in line with the findings of Lévesque et al. (2013), who 
reported growth reduction of L. decidua for a mesic lowland site in Switzerland, and a xeric, 
mid-elevation, inner-alpine site in Italy. The same response was observed by Obojes et al. 
(2018) investigating the radial growth of L. decidua in mid-elevation to high-elevation forests in 
another xeric inner-alpine valley in Italy. Accordingly, these findings might also be valid for 
drought-prone mountain forests at lower elevations in the transition zone between the 
Atlantic- or Mediterranean-influenced fringes of the Alps and the continental inner-alpine 
areas. 

A typical tree species for this transition zone is Fagus sylvatica, which is highly competitive in 
the lowlands of Central Europe and the fringes of the Alps, but is known to be drought-
sensitive (Leuschner, 2020). Thus, F. sylvatica shows an increase in volume under the current 
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climate scenario (Figure 3A), but this trend weakens already under the moderate climate-
change scenario (Figure 3B). Furthermore, in the severe climate-change scenario (Figure 3C), 
a significant reduction in growth from 2080 onwards is predicted. Given the negative impact 
of the 2018 drought on F. sylvatica (Schuldt et al., 2020), the predicted growth pattern could be 
ascribed to climate change-related heatwaves and drought periods. 

For Abies alba, most of the increase in volume relates to the growth of the two existing juvenile 
individuals at the study site; results should therefore not be overinterpreted. Nevertheless, in 
contradiction to the findings of Thurm et al. (2020), A. alba seems to be more resilient than L. 
decidua to climate change (Figure 3, B and C).  

The only species of conifer tree with an increasing growth pattern is Pinus sylvestris, which is 
known to be highly drought-tolerant (Krakau et al., 2013). In the present forest stand, it is the 
dominant tree species and has an almost normal distribution of DBH classes, up to a maximum 
of 25–30 cm. The stock at the beginning of the modelling period is only 200 m³*ha-1. This is 
predicted to almost triple by the end of the century, regardless of the climate scenario (Figure 
3, A–C). On the one hand, this is a result of the present forest structure, with low stock and a 
favourable DBH distribution of P. sylvestris, a structure which generally allows high annual 
increments. Compared with the recommended yield tables for P. sylvestris in Tyrol (Eckmüllner, 
2004), the predicted growth in volume is at the upper end of the range, but possible at sites 
with favourable conditions. On the other hand, P. sylvestris seems to suffer fewer adverse effects 
from climate change than other species, as there are no significant differences between the 
scenarios. Rather, P. sylvestris could benefit from the decline of other competing species, such 
as P. abies and L. decidua, and improved access to resources. Nevertheless, the predicted growth 
of P. sylvestris seems to be overestimated as site conditions are not among the best regarding 
increased growth. This is also evidenced by an average age of P. sylvestris above 20 cm DBH of 
around 110 years, which indicates a generally low growth rate and age-related flattening of it 
(Eckmüllner, 2004). As current age is not considered in the model initialization, this could lead 
to misjudgement of the growth pattern. Regardless of the exact stock, it continues to be an 
important species and ensures continuity of the forest cover at the sites studied. 

The thermophilus deciduous tree species Quercus petraea and Tilia cordata, which are both absent 
from the present forest stand, proved to be highly suitable under all climate scenarios (Figure 
3, A–C). A comparison of the two sympatric oak species demonstrated the superiority of Q. 
petraea over Q. robur with the increasing severity of the climate scenario. Differences between 
these two oak species are also reflected in the findings of Vivin et al. (1993), who showed that 
the shoot growth of Q. petraea is less sensitive to water deficit than the shoot growth of Q. 
robur. Ponton et al. (2002) summarized that the lower growth rate of Q. petraea compared to Q. 
robur is associated with the greater long-term survival of adult Q. petraea trees in drought-prone 
environments. While literature on the direct comparison of the drought tolerance of T. cordata 
and T. platyphyllos is scarce, Hölscher et al. (2005) confirmed a high drought tolerance of T. 
cordata, which has a distribution range far beyond that of T. platyphyllos: it extends into the 
continental zone of Europe, which has regular or episodic summer drought. According to the 
findings presented here, Q. petraea and T. cordata form an important basis for building climate-
smart forests; they are predestined for stand development scenario (III), in which the best-
performing species from the mixed-species scenario are planted at the beginning of the 
modelling period. 
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4.3  Change patterns in the development of stands 

The modelling results of the current climate scenario showed a discrepancy between those 
trees actually present and the natural tree species composition in the forest stand investigated. 
The predicted increase of F. sylvatica (Figure 3A), under the elimination of seed limitation, is in 
line with dry beech forest having been classified as potential natural vegetation (Forest Site 
Classification Tyrol, 2018). Likewise, more thermophilic deciduous trees (e.g. oak, lime) are 
already feasible under current climate conditions. Nevertheless, the observed growth potential 
of F. sylvatica is weakening (Figure 3, B and C), and thus the potential natural vegetation type 
may also change. Considering the high growth potential of thermophilus oak and lime species 
at the site, a shift towards an oak-dominated mixed forest is likely. The reasons for the present 
dominance of P. sylvestris and P. abies and the absence of deciduous trees could be numerous, 
ranging from effects of historical forest use (e.g. forest pasture, litter removal, clear-cuts), high 
browsing pressure preventing regeneration of deciduous trees, to the silvicultural objectives or 
preferences of the forest owner.  

In all stand development scenarios (Figure 4, I–III), growth increases until around 2080 for 
the moderate climate-change scenario (scenario B, RCP 4.5), and then falls below the stocks 
predicted under current climate conditions (scenario A). This indicates that the current growth 
conditions are slightly temperature-limited, and a moderate temperature increase can foster 
tree growth, e.g. through an extension of the growing period. In addition, the severe climate-
change scenario (scenario C, RCP 8.5) showed the lowest stock development in all cases. 
Especially in the 2nd time period (2071–2100) (Figure 2), the predictions reveal major 
differences and point towards a degradation of growing conditions (Figure 4, I–III). This 
pattern, with substantial differences between climate-change scenarios from 2050 onwards, 
was also shown by Thrippleton et al. (2020), in a similar study carried out in Switzerland. 

Taking a closer look at the different stand development scenarios reveals that the differences 
between these are greater (appr. 50 m³*ha-1) than those between the climate scenarios (appr. 
25 m³*ha-1). This shows the great advantages of mixed-tree forest stands for climate change 
mitigation. While the predictions, which are based only on those species that are currently 
present, show a negative growth pattern (Figure 4, I), allowing natural regeneration of 
deciduous tree species can stabilize growing stock (Figure 4, II). Developing mixed forests 
with a high proportion of thermophilus species, above all Q. petraea, can foster stable forest 
stands and sustainable yield. This finding is in line with Steckel et al. (2020), who stated that 
mixing of P. sylvestris and oak species (Q. robur, Q. petraea) can play a considerable role in creating 
climate-smart forests. The necessity for actively converting forests became even more apparent 
in view of large outbreaks of bark beetle and defoliating insects, which can trigger abrupt 
ecosystem changes (Campbell et al., 2009). This risk is especially high in anthropogenic, pure 
P. abies stands at lower elevations (e.g. Lévesque et al. (2013); Krejza et al. (2020)). Thus the 
stand development scenario that involves planting climatically suitable tree species (Figure 4, 
III) will significantly reduce the risk of abrupt changes in forest productivity and other forest 
ecosystem services.  
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4.4 Supra-regional embedding and international relevance  

In 2020, the Department of Forest Planning of the Office of the Tyrolean Government 
launched the initiative ‘climate adapted mountain forests Tyrol’ (Ziegner, 2020). The present 
study contributes to the scientific basis of the management advice and activities promoted by 
this initiative. In addition, the study also addresses the Climate Smart Forestry Policy (Kauppi 
et al., 2018) of the European Union, which consists of three pillars: (i) reduction and 
sequestration of greenhouse gases; (ii) resilience; (iii) adaptation to change, and the sustainable 
increase of productivity and welfare. The results presented here directly contribute to the 
improvement of resilience and adaptation of forests to climate change, and therefore foster 
stable forest stands and sustainable yield. 

5 Conclusion 

The modelling approach discussed here can be used to assess the impacts of climate change 
on forest growth at selected sites, and therefore to support decision making at all levels, from 
forest owners to provincial forest authorities. Target groups are all parties interested in forest 
ecology and management. Through a set of best-practice recommendations, awareness raising 
can also reach stakeholder groups beyond the forest sector – in nature conservation, natural 
hazard protection or regional planning, for example. 

The forest stand investigated in this research indicates significant climate-sensitivity, with 
different reactions by different tree species. Among the tree species present, Norway spruce 
(Picea abies) and European larch (Larix decidua) are not recommended for drought-prone 
mountain forests at lower elevations similar to the study site. European beech (Fagus sylvatica), 
common oak (Quercus robur) and large-leaved lime (Tilia platyphyllos) turned out to be unsuitable 
under future climate conditions at the site. Scots pine (Pinus sylvestris) continues to be an 
important species and ensures continuity of the forest cover at the study site. The results seem 
to be transferable to comparable sites that have artificial Scots pine forests, which are frequent 
in alpine valleys at low elevation. Considering the high growth potential of sessile oak (Quercus 
petraea) and small-leaved lime (Tilia cordata), a shift towards mixed forest in which oak 
dominates would be desirable. Therefore, the potential natural vegetation type under current 
climate conditions is not always appropriate as a silvicultural objective for future stand 
composition. To support decision making, development objectives based on the characteristics 
of specific forest sites must be provided for the total area of forested land.  

It has been demonstrated that mixed forest stands that include broadleaved species are 
necessary to increase the resilience and adapt managed forests to climate change. With active 
silvicultural measures such as assisted migration through planting thermophilus species, 
negative effects of climate change could be diminished.  

Supplements 

Supplemental information is available at: https://github.com/simonalois/cliffs 
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