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Introduction 
Mountain forests of the Alps fulfil important protection functions against avalanches and other 
natural hazards. The majority of the subalpine forests in the Swiss Alps are dominated by spruce 
(Picea abies Karst.). The protection effectivity of these forests is highly variable in space and time 
and depends on different circumstances such as topographical settings, predominant disturbance 
regimes and management history.  
Structures and protection effect of mountain forests are permanently changing. After centuries of 
overexploitation, density of most remaining forests in the Alps were very low in the middle of the 
19th century, leading to increasing concerns about their protection function (Kasthofer 1822, 
Landolt 1960). Since then, there is a high effort to increase and permanently maintain the 
protection function of mountain forests. Consequently, forest-cover and forest density drastically 
increased during the 20th century, generally leading to improved protection against natural hazards, 
but often also to a dominance of more or less even aged (~100-150 years old) protection forests 
characterised by high densities and monotonous structures with very low regeneration. The 
successful reforestation efforts and regeneration problems in even-aged forest stands supported 
the notion that “only maintained protection forests provide enough and sustainable protection 
against natural hazards”. There is, however, only little knowledge about natural dynamics of 
subalpine, spruce dominated forests in the Swiss Alps. The goal of a new international research 
project is thus to determine and analyse the relevant processes occurring in subalpine spruce 
dominated forests without human impact.  
In this paper we give a short overview on the current state of knowledge on dynamic processes in 
unmanaged subalpine avalanche protection forests in the Alps and we present and discuss 
methodical approaches to explain the natural development of unmanaged forests in the subalpine 
altitudinal belt with the help of newly available inventory data series and tree-ring data. 
 
Dynamics of avalanche protection forests: What do we know? 
Gravitative natural hazards like avalanches, rockfalls, or landslides appear more often in subalpine 
and alpine regions than in lower areas. According the second Swiss National Forest Inventory 
(NFI), 31 % of montane or subalpine forests exhibit tracks of snow movements, 31 % of the areas 
have tracks of rockfall and 16 % tracks of erosion (Mahrer et al. 1988). 15% of the forests in 
Switzerland have a direct protection function against avalanches, rockfall or landslides. Particularly 
for avalanche protection, most of these forests are in the subalpine belt. Their importance for 
protecting human settlement and infrastructure is increasing, especially in tourist regions and along 
traffic and transportation routes. As a consequence, vulnerability and damage potential below 
protection forests is high and the Swiss government invested within the last few decades between 
120 -150 million sfr per year for “protection activities in forests”. Around 60 % (70-94 million 
sfr/year) were used for maintaining protection forests, regeneration, repairing damages in forests, 
planning actions in the protection forests and building and maintaining infrastructure in protection 
forests (Schärer 2004).   
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Natural forest development is often described with four different stages (Barbour & Billings 1988, 
Oliver & Larson 1990, Peet 1999): (1) “Establishment”: Phase of regeneration, mostly initiated by 
large – scale disturbances; (2) “stem exclusion”: intensive competition with increasing tree – 
density excluding the establishment of young trees (cf. Fig. 1); (3) “Breakup”: small - or large - 
scale breakdown, establishment of regeneration possible; (4) “Old – growth”: no disturbances or 
management treatments since a longer period. The amount of dying trees and new establishing 
trees are more or less in balance.  
For natural subalpine forests, the same stages can be described, but the relative importance of 
different stages may change with increasing elevation. Establishment can be so slow that by the 
time of canopy closure trees may already be dying from senescence-related causes. 
Consequently, the second and third stages - “stem exclusion” and “breakup” may be bypassed and 
one finds a stage in which both stand density and tree size slowly increase towards steady state 
conditions (Peet, 2000). Such complex natural forest structures with different layers, tree sizes and 
ages provide optimal protection against natural hazards (Ott et al. 1997, Motta & Haudemand 
2000). They protect against different kinds of natural hazards in a sustainable way and exhibit a 
higher elasticity after disturbances such as windthrows and avalanches (Brang et al. 2006).  
As a result of former over-exploitation and subsequently decreasing pressure of grazing and wood 
exploitation on large scales, many subalpine forest areas in the Swiss Alps differ from what would 
naturally be expected in such sites. Favourable growing conditions, providing enough light, 
warmth, nutrients and open soils have led to an increasing amount of young and dense forest 
patches in subalpine regions after land-use extensification (Bebi 1999, Brassel & Brändli 1999). 
Dense forest areas with more than 600 stems per hectare provide protection against rockfall and 
avalanches (Cattiau et al. 1995), but may be more susceptible against storm and snow break 
(Rottmann 1985) and require a longer period to regain their full protective properties following a 
disturbance. With silvicultural actions the heterogeneity and sustainable protection functions of 
such dense, homogenous forests in the stem exclusion stage can be influenced (Schönenberger & 
Brang 2004). However, the effect of such interferences differs highly according to site conditions 
and time of interventions. The costs of management interventions are generally so high, that they 
have to be prioritised according to risk considerations and expected natural dynamic of such 
forests without interventions (Bebi et al. 2004).  
For the Alps, there is only little knowledge concerning the dynamics of subalpine forests in “self-
thinning” (stem exclusion) phases. The existent knowledge is mostly based on work from outside 
the Swiss Alps (Peet & Christensen 1987, Korpel 1995, Veblen & Donnegan 2005). Results of 
dendroecological analysis and aerial photos from the European Alps suggest that the stem 
exclusion phase in subalpine forests does mostly happen in small scales (Cherubini et al. 1996, 
Motta et al. 2002). But there is still little knowledge about the time period needed for a change into 
favourable regeneration conditions and how this varies over different site conditions. 
Near natural timberline the forest structures in the Alps and in other mountainous regions are 
getting more and more scattered (Arno & Hammerly 1985, Rochefort & Peterson 1996, Stützer 
2002). With increasing elevation, transitions from open forest structures to closer forest structures 
are less frequent and slower (Bebi 2000, Rutherford 2006). The influence of temperature as a 
limiting factor becomes more significant with decreasing distance to the upper treeline. 
Consequently growth processes are slowing down and the regeneration processes of trees are 
strongly restricted in space and time (Ott et al. 1991, Körner & Paulsen 2004). Aggregated forests 
among the timberline exhibit several advantages concerning the concurrence, particularly because 
soil temperatures below single trees or tree cohorts are higher as below dense forest stands 
(Shanks 1956, Körner & Paulsen 2004). Furthermore larger amounts of snow related disturbances, 
like avalanches and snow-break, cause openings of the stand (Imbeck & Ott 1987, Walsh et al. 
1994, Kajimoto et al. 2002). 
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Avalanches have a high impact on mountain ecosystems. They play important roles in shaping 
ecosystem dynamics, and may contribute to diversity at species and landscape level, can induce 
soil transport and different other types of disturbances (Luckman 1978, Rixen et al. 2007). 
However, avalanches also represent a source of danger to human settlements and infrastructures 
(Fuchs et al. 2004). Primarily subalpine forests are affected by avalanche disturbances, and in 
dependence of the steepness of a slope and weather conditions, avalanches may occur several 
times during a winter (Laternser and Schneebeli 2002). The avalanche protection function of a 
forest consists of impeding the release of avalanches in the forests. The most important criteria 
concerning the avalanche protection function of a forest are stand density (degree of coverage) 
and the dimensions of gaps (Meyer-Grass & Schneebeli 1992). Factors as steepness, exposition, 
surface structure and the rate of evergreen trees could also have an important impact for the 
occurring of avalanches (Schneebeli & Bebi 2004). This function is limited close to the timberline 
due to larger gaps between the trees or between the cohorts of trees. The avalanche protection 
function is also limited against avalanches starting at least 150 meters above the timberline 
(Schneebeli & Bebi 2004). Natural disturbances such as windthrow or bark beetle outbreaks might 
change the protection functions of forests immediately (Brang 2004). Dense and homogenous 
protection forests are generally not more sensitive against such disturbances, but they need longer 
to regenerate and to reach again the full protection function. 
Open forest structures near timberline and monotonous formed forests of high density are thus 
potentially problematic forest types concerning their sustainable protection function.  With 
increasing areas of these two forest types that haven’t been managed for several decades, it is 
particularly important to learn more about their natural dynamics. As different driving forces seem 
to be predominant in these two forest types, open questions and hypotheses for the natural 
dynamics of subalpine avalanche protection forests have to be differentiated according to them. 
A key question in open avalanche protection forests near timberline is whether they are increasing 
in density due to climatic factors and land-use change. These two factors might influence the forest 
dynamic in different ways and are often difficult to disentangle (Gehring-Fasel et al. 2007). We 
hypothesise that density in subalpine forests is only increasing under certain site conditions and 
that on very steep slopes and on sites with frequent disturbances, the forest coverage is not 
changing significantly. Near timberline where mainly abiotic processes cause tree mortality, self-
thinning processes and competition are factors of marginal relevance. When the canopy 
approaches closure, trees may die from senescence related causes. “Old-growth” and 
“establishment” are the two phases that mostly occur under natural conditions near timberline, 
since the stages “Establishment” and “Stem exclusion” are essentially a function of competition, 
which is minimized in stressful environments. 
Dense, homogenous forests in the stem exclusion stage are more driven by competition. It is an 
open question what finally causes tree mortality and how long this process lasts. Is it a long - term 
process over several decades or a quick process following some event (e.g. extreme climate 
situation, fine-scale disturbance). Our hypothesis is that the major reason for dying trees in 
subalpine avalanche protection forests within the self-thinning phase is competition. The weakest 
trees have competitive disadvantages such as smaller crown, less light, nutrients and warmth 
compared to competitors and die first. The “dying” process is a long lasting process that might take 
up to 100 years. Other questions of high importance in these subalpine forests in the stem-
exclusion stage are: On which scale do disturbances occur? How do different site conditions and 
former management history affect their natural development? How fast do disturbances and 
subsequent regeneration processes occur without human interventions?  
 
Methodical Approaches  
To examine the development and dynamics of subalpine spruce dominated forests, two different 
methodological approaches on different spatial and temporal scales which are complementary to 
each other were chosen: (1) the analysis of inventory data from three periods of the Swiss National 
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Forest Inventory and (2) the assessment and dendroecological analysis of field data on selected 
plots. Purposes of and differences between the two methodological approaches are summarized in 
table 1. 
 
Table 1: Comparison of the two complementary approaches to analyse the dynamics of subalpine avalanche 
protection forests 
 

Analysis of NFI data Dendrochronological analysis of selected 
forests 

Quantitative analysis of about 150 NFI 
plots with the goal of investigating 
differences in forest development in 
dependence on silvicultural management 
actions. 

Qualitative, more detailed analysis of a 
selection of sites. Focus is set on “single tree- 
dynamics”) 

Focus on the last 20 years (time span of 
the three inventories). Comparison of 
different variables such as steepness, 
grazing, avalanches and rockfall 

Investigation from the originating of the site, 
age of the trees – long - term development. 
Dynamical chances since originating. 

Dying processes – examination over a 
larger scale. 

Dying processes consideration on a high 
resolution.  

NFI data contains information about small 
scale disturbances  

Role of small - scale disturbance regime – 
small gaps, tree development in small gaps. 

 Analysis and evaluation of microclimatic and 
regional influences 

 
Analysis of data from three complete finished Swiss National Forest Inventories. 
The Swiss Forest Inventory (NFI) obtained data from three inventory periods, NFI 1 1983-1985, 
NFI 2 1993-1995 and NFI3 2004-2007. On the basis of this data we identify forest areas in the 
whole Swiss Alps fulfilling our requested criteria of land-use and site conditions (see Fig. 1). 77 of 
these forests, selected from the NFI sample (1 km grid over Switzerland, for details see Brassel & 
Brändli, 1999) are in the self-thinning phase (stem exclusion). This selection of NFI-plots allows us 
to compare the development of unmanaged forest areas with comparable subalpine forests and to 
further analyse them with GIS and statistical methods.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Selection criteria for evaluating NFI data. Number of selected forests n=77. 
 
The basis of our analysis is the situation during the assessment of NFI 1 with equal numbers of 
plots for different treatments. We then examine the development of the forests from NFI1 to NFI2 
and NFI3 concerning stand density, proportion of dead trees (standing and lying) and the 

Altitude 
(Subalpine, 1600-2100 m. a.s.l.)

Spruce dominated (> 60 %) 
Self-thinning - Phase 

Managed 
Last treatment 
max 20 years 

ago 

Unmanaged 
Last treatment 

at least 50 
years ago 

Managed 
Last treatment 
max 20 years 

ago 

Unmanaged 
Last treatment 

at least 50 
years ago 

> 30 ° < 30 °
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dimensions of subsequent disturbances. Preliminary analysis show that various site factors exert a 
strong influence on structure and development of the examined subalpine forest stands. For 
example, sites with signs of avalanche activity have lower basal areas per hectare than sites 
without signs of avalanche activity (Fig. 2). 

 
Figure 2: Basal area per hectare in unmanaged (at least for 50 years) forests. Without the influence of 
avalanches (left) and with avalanches (right)  
 
Dendroecological analysis of selected “self-thinning” plots in the Swiss Alps 
Based on the NFI data and the criteria described above, we locate representative plots for the 
Swiss Alps and study them with dendrochronological methods concerning stand structure, stand 
dynamics, history and age structure. Additional parameters, such as the stand density index, the 
degree of coverage, exposure, steepness of the slope, altitude, crown height, tree height and the 
diameter in 1.3 m, will be included as co-variables in the analysis.  
In each plot we select areas of 22 * 22 meters, where every tree with a diameter >= 10 cm, (dead 
and alive, standing and lying) will be cored twice. In order to determine the age of the trees (e.g. 
obtain as many year rings as possible), we take one core from the bottom, from downside the tree. 
The second core is taken from a height of 1.3 m parallel to the slope and provides information 
about year ring widths excluding reaction wood for getting information about the competition and 
dynamics of every single tree. Additionally we assess the structure of the whole site by exhibiting 
10*10 meters plots. In 5 such 10*10 plots we measure diameters of every tree > 6 cm, count the 
regeneration and put them into different age classes. 
The year ring widths will be measured in the Laboratory of the Institute of Forest Growth in 
Freiburg (Germany) and we will analyse the year ring samples with standard methods (Stokes & 
Smiley 1968) concerning the age structure and the dynamic of the forests. The effects of 
disturbances will be related to differences in growth to the forest structure by using statistical 
analysis.    
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Outlook 
Our research questions and hypotheses concern dense subalpine forests, and open forests near 
timberline. These are different forest types that require different methodical approaches. The two 
described methods enable us to get quantitative information about the requested forests over the 
whole Swiss Alps. We are also able to examine forests within the stem exclusion-stage on a high 
resolution and on small scales. The dendroecological method allows us to reconstruct the history 
and the dynamics of every single stand.  
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