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Abstract
Questions: What is the structure of the anthropogenic upper 
forest-grassland ecotone and are there differences in the spatial 
relationships between the tree species involved?
Location: Valfurva Valley, Italian central Alps.
Methods: We conducted a spatial distribution and structure 
analysis in three 1-ha permanent plots along an altitudinal 
gradient, from the treeline to the sub-alpine forest. We recon-
structed the age structure from cores from each individual with 
diameter > 4 cm at 50 cm height.
Results: All tree species and age classes examined had a 
clumped structure. The cluster tendency was more evident 
at the treeline where the environmental conditions are more 
severe. In the sub-alpine forest there was a repulsion between 
Pinus cembra and Pinus mugo but at the treeline P. cembra 
was frequently found downslope from P. mugo. 
Conclusions: Although human influence has been the main 
driving force in shaping the present forest structure, in the last 
few decades natural dynamics have become the predominant 
force acting on forest structure and processes, showing a higher 
magnitude as altitude increases. Our results emphasize the 
existence of facilitating and interfering mechanisms between 
different species. P. cembra seems to be favoured compared 
to the other tree species.

Keywords: Forest-grassland ecotone; Larix decidua; Moran’s 
I; Pinus cembra; Pinus mugo; Ripley’s K; Spatial interac-
tion.

Abbreviations: CSR = Complete spatial randomness; GIS 
= Geographic information system; LU = Livestock unit; 
PPA = Point pattern analysis; UTM = Universal transverse 
mercator. 

Introduction

Forest structure is the result of past dynamics and 
complex interactions among many processes acting on 
a stand (Moravie & Audrey 2003; Chen et al. 2004). 
Tree spatial distribution in a stand depends on several 
factors, including environmental heterogeneity (Valverde 
& Silvertown 1997), development stage (Oliver 1981), 
competition among individuals and populations (Duncan 
1991), seed dispersal and regeneration success (Rozas 
2003). Distribution is also affected by the disturbance 
regime (Oliver & Larson 1996), resulting from stochastic 
processes such as windthrows (Nagel et al. 2006), fire 
(Harper et al. 2005), insect outbreaks (Camp 1999) and 
diseases (Dobbertin et al. 2001).

Human disturbance affects forest structure (e.g. Cur-
tin 1995; Pommerening 2002; Motta & Lingua 2005), 
directly through exploitation and livestock grazing or 
indirectly by altering natural processes. This is particu-
larly evident at the upper treeline in the Alps (Paulsen 
& Körner 2001; Erschbamer et al. 2003; Motta et al. 
2006a), where forest distribution and limits are strongly 
related to human land use over past millennia. Forest 
structure and composition were simplified (e.g. uneven 
aged mixed stands transformed into even aged pure 
stands) according to human needs (Motta & Garbarino 
2003). The treeline was lowered because of livestock 
grazing (Cairns & Moen 2004) and fire, which was used 
to maintain alpine meadows free from trees (Carcaillet 
1998; Tinner & Theurillat 2003; Ali et al. 2005).

In the Italian Alps it is hard to find a natural treeline 
due to the extensive use of mountain areas for summer 
farming (Motta & Nola 2001). In the last few decades, 
however, a decrease in domestic grazing pressure has 
occurred throughout the Alps following the widespread 
abandonment of marginal pastures (Bebi & Baur 2002; 
Dullinger et al. 2003; Motta et al. 2006a). 

Few studies have been conducted on the structure of 
forest to alpine meadow ecotones in the Alps (Motta & 
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Nola 2001). How these high-altitude ecosystems will react 
in the long term to current environmental changes, both 
anthropogenic and natural, is still uncertain (Kräuchi et 
al. 2000). Moreover, because upper treeline ecotones were 
extensively human-influenced in the Alps, it is particularly 
important to understand the structural changes of these 
formerly artificial ecotones as a result of (mainly) chang-
ing land use. The present structure may influence future 
changes (Holtmeier & Broll 2005). Through studying tree 
spatial patterns we may better understand the environmen-
tal processes in treeline ecotones (Camarero et al. 2000; 
Chen et al. 2004), including possible future responses to 
global change (Camarero & Gutierrez 1999).

When analysing forest structure, it is not only impor-
tant to investigate overall tree spatial patterns, but also 
to examine the spatial interactions between different 
co-occurring species in order to fully understand plant 
community organization (Baumeister & Callaway 2006) 
and biological diversity (Durrett & Levin 1998). Interac-
tion between different species can be both facilitative and 
competitive, and can shift from facilitation to competition 
in a stress gradient (Callaway et al. 2002). Recently, species 
interactions in a stress gradient have been widely discussed 
(Maestre & Cortina 2004; Körner 2003, 2004; Lortie et 
al. 2004; Maestre et al. 2006; Lortie & Callaway 2006). 
The gradient can be geographical (i.e. when limitations 
change with elevation) or temporal (i.e. when conditions 
change during a growth season) (Tielbörger & Kadmon 
2000; Kikvidze et al. 2006). The facilitative or competi-
tive interactions can be both direct and indirect (Pages & 
Michalet 2003; Pages et al. 2003).

The aims of the study were thus: (1) to assess the ac-
tual structure of forest stands along an altitudinal gradient, 
(2) to analyse the establishment dynamics of the stands, 
(3) to analyse the species spatial interactions and (4) to 
understand the ongoing processes and dynamics.

Material and Methods

Study area

The study was conducted in the upper Valtellina Val-
ley in Stelvio National Park, located in the Italian central 
Alps (10°25'13'' E; 46°26'16'' N). Altitudes ranged from 
2150 to 2450 m a.s.l., and the aspect was mainly north-
east. The mean annual rainfall (period 1921-1990) varies 
between 860 mm at S. Caterina di Valfurva (1740 m 
a.s.l.), 5 km from the study site, and 737 mm at Bormio 
(1225 m a.s.l.), 7 km from the study site. The mean an-
nual temperature at Bormio is 2.2 °C (1921-1990). The 
forest is a Pinus cembra stand with Larix decidua, Picea 
abies and Pinus mugo. The forest soils are podzols with 
a silicate bedrock. 

Field work and sampling

We established three 1 ha (100 m × 100 m) permanent 
plots along an altitudinal gradient: one in the treeline 
ecotone, one immediately below the timberline and one 
inside the sub-alpine forest. 

In order to identify the different zones, we defined 
the tree limit as the highest location of individuals > 2 m 
tall (Holtmeier 2003), while the closed forest was identi-
fied by a canopy cover > 30%. The treeline ecotone was 
considered as the transitional zone between the closed 
forest and the upper tree limit, while the timberline was 
defined as the upper limit of the closed forest.

All trees (individuals with a diameter at 50 cm height 
≥ 4 cm), snags (standing dead trees with a diameter at 
50 cm height ≥ 10 cm), logs (downed, dead wood with a 
diameter ≥ 10 cm) and stumps (cut-surface with diameter 
≥ 10 cm) were identified, labelled with numbered plastic 
tags, mapped with a total station and georeferenced in 
UTM (universal transverse mercator) co-ordinates sys-
tem using a GPS with metric precision. For each tree the 
following parameters were recorded: species, diameter 
at 50 cm height, diameter at 1.30 m height (DBH), total 
height, height of the lowest living branches (upslope and 
downslope), and four radii of the vertical crown projec-
tion along the two directions marked by the plot axes (to 
the nearest 0.1 m). To be able to study the age structure, 
an increment core was taken upslope at 50 cm height from 
each tree. In the laboratory, all the cores were fixed to 
wooden supports and sanded to a high polish for annual 
tree-ring counts. When the samples did not reach the pith, 
we estimated the pith location using the method of Motta 
& Nola (2001). Individuals with rotten cores and those 
for which it was not possible to estimate the number of 
missing rings to the pith were not considered for further 
analyses. The estimated age reported for all trees is the 
age at 50 cm height above the root collar. Since we did 
not crossdate the cores due to the young age of most 
trees and because of the potential errors in estimating 
missing rings, the age structure was constructed for ten 
year classes (Payette et al. 1990).

Regeneration (trees with height ≥ 10 cm and diameter 
at 50 cm < 4 cm) was mapped and measured in a 2000 m2 
transect (20 m × 100 m) located inside the plot, parallel 
to the slope contour. 

Land use

The treeline plot is classified as pasture in the man-
agement plans of the municipality of Bormio, the owner 
of the land. Livestock pressure in rangelands decreased 
during the last half of the 20th century, from 420 sheep 
in 1950: 0.3 LU.ha–1.a–1 (LU = Livestock Unit) to 60 
sheep and 24 cows in 1996: 0.17 LU.ha–1.a–1, and 
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finally to 13 cows, 4 horses and 78 sheep in 2005: 0.07 
LU.ha–1.a–1.

The other two plots (timberline and sub-alpine 
forest) are both classified as forest and belong to the 
same management unit. The exploitation is currently 
very limited (0.12 % of timber volume per year in the 
last 20 years) and concentrated in the lower part of the 
management unit, where the sub-alpine forest plot is 
located. Selective cutting is applied, with the main aim 
of providing firewood for the inhabitants with rights on 
public forest land.

Spatial analysis

Point pattern analysis (PPA) techniques were applied 
using tree-stem mapped data (Moeur 1993) to character-
ize the tree spatial patterns within the plots. These tech-
niques are based on the use of all point-to-point distances, 
corresponding in our case to tree-to-tree distances, with 
the main aim of describing two-dimensional distribution 
patterns (Haase 1995). To determine whether the distri-
butions of trees, single species or classes of trees were 
random, regular or clumped, the univariate Ripley’s K(t) 
function was used (Ripley 1977). Ripley’s K(t) is a sec-
ond order analysis that provides information at multiple 
scales, comparing distance of all pairs of points. 

Ripley’s K(t) was computed with the formula: 
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where A is the plot area with n trees, It is a counter 
variable which is set to 1 if the distance δij between tree 
i and tree j is less or equal to t (corresponding to the lag 
distance) and wij is a weighting factor to correct for the 
edge effects (Haase 1995).

We used the following square root transformation L(t) 
that makes the K(t) function linear, stabilizes its variance 
and has an expected value of approximately zero under 
the Poisson assumption (Diggle 1983, Moeur 1993): 

L t K t t( ) ( )= −
π

(2)

Monte Carlo simulations were used to assess the 
significance of deviation from the complete spatial ran-
domness (CSR) assumption, generating 10000 random 
spatial patterns that provided a 99% confidence envelope 
(Manly 1997). The spatial pattern is defined as clumped, 
random or regular (hyperdispersed) if the L(t) values 
are greater than, equal to or lower than the confidence 
envelopes, respectively. The analysis was applied in each 
plot on the overall tree population, single species, young 
trees (< 100 years) and old trees (> 100 years). 

We used AutoCAD 2004 (Autodesk Inc., San Rafael, 
CA, US) to reconstruct each single tree canopy using the 

four radii collected. The resulting layers, representing 
the canopy cover of each plot, were then exported into 
a GIS (geographic information system). 

The typical structure of the sub-alpine forest is 
characterized by small groups of trees (often described 
by the German term ‘Rotten’; see Zeller 1993), we 
identified groups by selecting all trees with an overlap-
ping surface between their crowns. We then extracted 
the co-ordinates of the centroid of each group to assess 
their spatial structure.

To investigate the relationships between two point 
patterns we examined bivariate spatial interactions us-
ing the K12(t) function, which is a generalisation of K(t) 
for a bivariate point process (Andersen 1992; Upton & 
Fingleton 1985; Moeur 1993). The K12(t) function was 
computed as follows: 
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where n1 and n2 correspond to the number of events 
in the two classes of points.

A square root transformation (Lotwick & Silverman 
1982; Moeur 1993) was again applied, according to the 
following formula: 

L t K t t12
12( ) ( )= −
π

(6)

To test the significance of deviation from the null hy-
pothesis of spatial independence, we calculated the 99% 
confidence intervals from toroidal shifts of one class of 
trees with respect to another. Values of L12(t) greater than, 
equal to or lower than the 99% confidence envelopes reveal 
positive association (attraction), spatial independence and 
significant negative association (repulsion), respectively, 
between the two analysed classes. Attraction is defined as 
a tendency for trees of two groups to be closer than what 
would occur if they were independently distributed, while 
repulsion is defined as a tendency between trees belonging 
to two groups to be farther apart than what would occur if 
they were independently distributed (Peterson & Squiers 
1995). The analyses were only done for classes with more 
than 15 trees (Camarero et al. 2000). When significant 
interactions were detected, the bivariate pattern analysis 
was also computed considering cardinal directions (Haase 
2001) to reveal eventual anisotropic relationships. We 
performed the K(t) and K12(t) analyses starting from 1 
m to 50 m, applying a 1 m lag distance, not exceeding 
half the length of the 100m plot dimension, to limit the 
influence of the margin effects (Haase 1995). Univariate 
and bivariate indices were calculated using the software 
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SPPA 2.0 (Haase 2001).
To infer the existence of competition or facilitation 

processes, the analysis was conducted in each plot be-
tween the different species, and between young (<100 
years) and old trees (>100 years).

To evaluate whether spatial patterns were correlated 
to tree age, we computed Moran’s I coefficient (Moran 
1950; Legendre & Legendre 1998) according to the 
following formula: 
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where I(d) is the value of Moran’s coefficient for a dis-
tance class d, N is the total number of mapped tree loca-
tions, xi (i =1,..., N) is the age of the tree, wij is a counter 
variable which is set to 1 if the distance between points i 
and j is within d, otherwise equals to 0, and W = Σ wij.

We analysed neighbouring points using 1 m distance 
classes from 1 m up to 50 m, consistent with Ripley’s 
K analysis. 

A correlogram, where autocorrelation values are 
plotted in the ordinate against the distance (d) among the 
points (abscissa), was drawn for each plot. The global 
significance of the correlogram was tested at the α’= α/v 
(v = number of tests) significance level according to the 
Bonferroni method (Legendre & Fortin 1989).

The significance of deviations from what was ex-
pected in each distance class was tested by calculating the 
variance of I(d) under the null hypothesis of randomisa-
tion, by means of standard normal deviates z(d). 

Distance classes that contained less than 30 neigh-
bouring points were excluded from the analysis because 
the assumption of normality could be invalid for small 
groups (Duncan & Stewart 1991). Spatial autocorrela-
tion was computed for tree age with the Excel add-in 
Rookcase (Sawada 1999).

Results

Stand composition and characteristics

As expected, there was reduction in tree density with 
increasing altitude (Table 1). In the treeline plot, Pinus 
cembra was the most frequent species, with 79.7% of the 
individuals. The other species present were Larix decidua 
(10.8 %) and P. mugo (8.9%), while only one individual 
of P. abies was found. Deadwood was almost absent: 
only 2 stumps, 1 snag and 1 log were found.

In the timberline plot, P. cembra was again the most 
frequent species (84.8%), followed by P. abies (6.1%), P. 
mugo (6.1%) and L. decidua (3.0%). The total basal area 
was 11.01 m2.ha–1, of which 98.2% was P. cembra. The 
deadwood volume was 5.64 m3.ha–1, mainly comprised 
logs (density = 21/ha) and snags (6/ha).

In the sub-alpine forest plot, 53.4% of the individuals 
were P. cembra and accounted for 76.4% of the basal area. 
L. decidua and P. abies made up 33.1% and 9.6% of the 
trees, and 18.4% and 3.9% of the basal area, respectively, 
while P. mugo was less abundant (3.9% of individuals; 
1.28% of basal area). The amount of deadwood was 
2.42  m3.ha–1, mainly composed of stumps (38/ha) and 
less by logs (11/ha) and snags (8/ha).

Age structure

We successfully determined the age at 50 cm height 
for 94% of the trees. The age structure varied between 
the plots (Fig. 1). In the treeline plot, 81% of the trees 
were < 45 years (median = 25, 5th percentile = 13; 95th 
percentile = 94) and the oldest tree was a P. cembra that 
was 130 years old. 

At the timberline plot, the most frequent age classes 
were from 40 to 60 years (median = 50, 5th percentile 
= 18; 95th percentile = 115). P. cembra trees were the 

Table 1. Main topographic and stand characteristics of the sampled plots. 

 Treeline plot Timberline plot Sub-alpine forest plot

Mean altitude (m a.s.l.) 2350 2250 2190
Aspect NE NE NE
Mean slope (°) 27 21 21
Number of trees (n/ha) 158 374 674
Species composition of trees (n/ha) Pinus cembra (125) Pinus cembra (317) Pinus cembra (360)
 Larix decidua (17) Larix decidua (11) Larix decidua (223)
 Pinus mugo (15) Pinus mugo (23) Pinus mugo (26)
 Picea abies (1) Picea abies (23) Picea abies (65)
Basal area total (m2.ha–1) 0.99 11.01 24.39
Quadratic mean diameter (cm) 9.34 19.66 21.55
Number of saplings  (n/ha) 980 6350 9015
Species composition of saplings (%) Pinus cembra (97.0) Pinus cembra (99.3) Pinus cembra  (97.6)
 Larix decidua (1.0) Picea abies (1.0) Larix decidua (1.7) 
 Pinus mugo (1.0)  Pinus mugo (0.3)
 Picea abies (0.7)  Picea abies (0.4)
Deadwood (m3.ha–1) 0.04 5.64 2.42
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only individuals over 80 years old, where the oldest tree 
was 352 years. There was evidence of tree establishment 
in recent decades, although most trees in the ten year 
class had diameters at 50 cm height < 4 cm and were not 
recorded. There was also a lack of individuals between 
the 130 and 200 year classes.

In the sub-alpine forest plot, the age class distribution 
was significantly skewed towards the older age classes 
(median = 65 years; 5th percentile = 33; 95th percentile 
= 148). In this plot, all the species were represented in 
almost all age classes, except for the < 20 year classes, 
where only P. cembra was found. The oldest tree was a 
302 year old P. cembra.

Spatial patterns

All trees, tree species and age classes were signifi-
cantly clumped (P < 0.01) in all plots at short distances 
- up to 20 m. Only P. mugo showed a slightly different 
pattern (Fig. 2).

The group distribution was clumped at the treeline 
(5-21 m; P < 0.01) and was more regular at short dis-
tances both at the timberline (1-2 and 4-5 m) and inside 
the sub-alpine forest (2-6 m). 

In the treeline plot, positive spatial association (at-
traction) was found between P. cembra and L. decidua 
up to 11 m and between P. cembra and P. mugo at 3 m 
and > 9 m (Fig. 3). 

We also found significant spatial attraction between P. 
cembra and P. mugo in the timberline plot. A significant 
positive interaction was found between young trees (less 
than 100 years old) and trees older than 100 years up to 
14 m (Fig. 3). 

In the sub-alpine forest plot an opposite relation-
ship was found: the two analysed age-classes showed 
repulsion at > 4 m. Attraction was also found between 
P. cembra and L. decidua (up to 3 m) and between L. 
decidua and P. abies (over 2 m). Inside the forest, P. 
cembra displayed a negative interaction with P. mugo. 

The P. cembra - P. mugo relationship was the only 
one that showed clear, significant anisotropic interactions, 
displaying different patterns according to direction (Fig. 
4). In the treeline plot P. cembra revealed aggregation 
with P. mugo downslope and a slight repulsion upslope 
(10 m). Since in this plot, the mean crown diameter of 
P. mugo was 4.5 m (radius < 3 m), attraction begins 
only from the edge of the canopy, and not inside it. In 
the timberline plot attraction was only found at short 
distances, while in the forest plot a negative interaction 
was detected, which was isotropic.

All Moran’s I spatial correlograms were globally 
significant at P < 0.05 (Bonferroni corrected test), re-
vealing the existence of an age spatial structure (Fig. 5). 
Only significant positive autocorrelation values occurred 
at the treeline plot for the overall tree population both 
at smaller and at longer distances, while for P. cembra 
negative values were found at 13, 25 and 33 m, suggest-
ing the presence of older trees within patches of younger 
trees. The positive values for the smaller distances are 
very high, more than the typical range (–1 to +1), that 
occasionally may be obtained (Legendre & Legendre 
1998). In the timberline plot negative significant values 
for P. cembra were found at short distance (6m). Inside 
the forest significant negative autocorrelation values 
were found at long distances, revealing the presence of 
larger patches with similar age.

Discussion 

The establishment of the present tree population at 
the treeline began ca. 135 years ago and the almost total 
lack of stumps, decaying logs or root mounds in the plot 
suggests the absence of a tree population at that time. At 
the timberline, and inside the sub-alpine forest, the main 
establishment period also started in the second half of the 
1800s, but older trees belonging to the former pastured 
woodlands were present. Holtmeier (2003) underlines 
that in the European Alps, timberline forest stands are 
characterized by two wide age classes, with some trees 
that are hundreds of years older than the other trees. This 
much older component is a relict of the previous forest 

Fig. 1. Age structure of trees in the treeline, timberline and 
sub-alpine forest plots.
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removed by human activities, made up by scattered trees 
that could not influence the pasture negatively. When hu-
man impact and livestock grazing decreased or ceased, a 
new tree population established around the old trees. The 

Fig. 2. Ripley’s K(t) for the overall trees, tree species, groups and age classes in the three plots. Dashed lines are the confidence 
envelopes (99%). The square root transformation, L(t), was applied. Only graphs with statistically significant difference from the 
CSR (complete spatial randomness) hypothesis are shown. 

dynamics of tree establishment in our area seem to be 
dominated by an in-filling process, with trees establishing 
in the open spaces between scattered individuals or patches 
of existing trees, consistent with other observations made 
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present exploitation of forest resources by man. 
Regeneration is abundant at all three altitudes. L. 

decidua is lacking in the regeneration layer within all the 
plots, whereas P. cembra is abundant, regardless of the 
main cover. L. decidua is a shade intolerant tree, whose 
recruitment is negatively sensitive to thick litter layers. 
Consequently, it depends on disturbances that expose the 
mineral soil for establishment (Risch et al. 2003). In the 
past, such disturbances were provided by human activi-
ties, directly through logging operations in the forest or 
indirectly by grazing. Livestock trampling can expose 
mineral soil (Mast et al. 1997), favouring the establish-
ment of wind-dispersed seeds. The decreased livestock 
grazing in the study area over the last 55 years (-77% 
LU.ha–1.a–1) could have caused a decline in L. decidua 
establishment on abandoned alpine pastures. On the 
contrary, the establishment of P. cembra seedlings, which 
is mainly related to European nutcracker (Nucifraga 
caryocatactes) hoarding activity, is currently abundant, 

Fig. 3. Ripley’s K12(t) for tree species and age classes in the three plots (Pc = Pinus cembra; Ld = Larix decidua; Pa = Picea abies; 
Pm = Pinus mugo). Dashed lines are the confidence envelopes (99%). The square root transformation, L12(t), was applied.

in forest-pasture ecotones (Slatyer & Noble 1992; Man-
ning et al. 2007; Weisberg et al. 2007). This process is 
evident in the upper part of the studied gradient, where 
young trees occur close to the older ones, both because 
previously established trees can improve site conditions 
and because they already occupy the most suitable sites. 
Inside the forest, segregation among these age classes 
is probably due to silvicultural management. With the 
removal of mature trees, free space is available for a new 
generation of trees, causing repulsion between old and 
young individuals. 

The larger amount of deadwood at the timberline 
suggests a low intensity of human disturbance, especially 
compared to the forest, where snag and log volume was 
reduced due to silvicultural operations (Motta et al. 
2006b). Instead, stumps are the only type of deadwood 
that are always present in both human affected and natural 
forest ecosystems. The presence of recently cut, slightly 
decayed stumps in the sub-alpine forest confirms the 
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especially at higher altitudes. This bird related dispersal 
is more evident above the timberline, consistent with the 
corvid behaviour (Holtmeier 2003), resulting in the high-
est age spatial autocorrelation values in the short distances 
among P. cembra inside the treeline plot. Furthermore, it 
should be noted that the number of N. caryocatactes in the 
Italian Alps has probably increased in the last 30 years as 
it was legally protected in the 1970s. Prior to the 1970s, 
the bird was considered a pest and could be hunted all year 
round (Motta & Lingua 2005).

The presence of abundant P. cembra regeneration, 
together with the absence of L. decidua regeneration, 
could eventually lead to a secondary successional path-
way characterized by replacement of L. decidua with P. 
cembra (Motta & Lingua 2005). In contrast, some studies 
have shown that a possible increase in air temperature 
could give L. decidua a competitive advantage over P. 
cembra and P. abies (Anfodillo et al. 1998; Carrer et al. 
1999). However, the current successional pathway began 
after human influences ceased, or at least decreased, 
and this could probably confound the eventual effects 
of climatic change. 

Since high-elevation forests are typically dominated 
by long-lived species (200-500 years or more), with long 
reproductive life spans (Lloyd 1997), the described suc-
cessional dynamics are likely to occur over a long period. 
In fact, in communities characterized by long-lived 
dominant species, the effects of changing conditions on 
the forest structure often occur with a substantial time 
delay (Watt 1947; Von Holle et al. 2003).

The tendency to form a clustered horizontal structure 
was found within all the plots and for all the species. This 
is the typical behaviour within the sub-alpine altitudinal 
belt. The groups are generally mixed, as no repulsion 
was found between different species. The importance 
of the association between trees in the sub-alpine belt 
is well known (Zeller 1993; Schönenberger 2000; Bebi 
et al. 2001). Tree patches can improve microsite condi-
tions in treeline ecotones (affecting snow thickness, soil 
characteristics and microclimate), offer physical support, 
reduce soil compaction and erosion and create protec-
tion from herbivores (Smit et al. 2005). This association 
often suggests some nurse effects of the neighbouring 
plants, through direct or indirect contributions to the 
performance of the saplings, by providing shelter from 
extreme temperatures and high irradiance and improving 
water and nutrient availability, aided by a below-ground 
mycorrhizal component (Hasselquist et al. 2005).

The spatial distribution of tree clusters reveals dif-
ferent patterns along the gradient. At the treeline the 
groups show aggregation, avoiding the less favourable 
sites, whereas there is a more regular pattern at lower 
elevations. Inside the forest, the groups tend to occupy 
all the available space. The forest effect acts to improve 
microclimate conditions and reduces limitations in the 
potential establishment sites (James et al. 1994) and 
could, therefore, explain the differences in the groups’ 
spatial patterns, while differences within groups in terms 
of species and age composition are probably more related 
to past human interventions. 

Fig. 4. Anisotropic Ripley’s K12(t) for 
Pinus cembra and Pinus mugo. Dashed 
lines are the confidence envelopes 
(99%). The square root transformation, 
L12(t), was applied.
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Concerning species spatial interactions, the positive 
relationship between P. mugo and P. cembra at the treeline 
and at the timberline confirms that established krummholz-
like trees can improve environmental conditions favouring 
the downslope establishment of new individuals (Bekker 
2005). In a scattered tree distribution, typical of a treeline 
ecotone, the high crown density of krummholz, as well as 
their clumped spatial distribution and growth form can 
provide microenvironments more favourable to establish-
ment than those created by isolated trees (Tranquillini 
1979; Hadley & Smith 1987; Camarero et al. 2000). The 
presence of krummholz-like trees and dense and compact 
krummholz mats can enhance snow accumulation and 
alter snow distribution and accumulation, reducing wind 
abrasion, needle dehydration and frost damage to vegeta-
tion (Tranquillini 1979; Grace & Norton 1990; James et 
al. 1994; Camarero & Gutierrez 2002). This could be a 
key factor for tree growth and especially for seedling 
establishment and survivorship, which may shape future 

forest species composition, along with the influence of 
climatic change (Theurillat & Guisan 2001). 

P. mugo crowns start closer to the ground compared 
to the other tree species in the stand and they may have 
provided more wind shelter. P. cembra seedling survival 
in the sub-alpine belt is strongly influenced by the dura-
tion of snow cover, because the species is highly vulner-
able to cryophilic parasitic fungi (Senn et al. 1994). Its 
establishment downslope from P. mugo could thus be 
mostly related to the reduced snow presence downslope 
from krummholz trees.

Several interacting abiotic factors operate together in 
governing facilitative mechanisms (Baumeister & Cal-
laway 2006). Recently, studies on seedling-canopy tree 
interactions have demonstrated a shift from facilitation at 
high altitudes to competition at lower altitudes (Callaway 
1998; Callaway et al. 2002; Germino et al. 2002). The 
highlighted P. cembra-P. mugo relationship is consistent 
with this hypothesis. Inside the forest, where the closed 

Fig. 5. Moran’s I(d) cor-
relograms for the age of 
the overall trees and tree 
species (with more than 
30 individuals) in the 
three plots.  = significant 
autocorrelation values 
(P<0.05). 
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woodland creates better environmental conditions, the 
two conifer species are in competition for resources, as 
indicated by the distinct negative spatial interactions. In 
the harsh conditions outside the forest, P. cembra seems 
to establish preferentially leeward but outside the P. 
mugo crown, while at the timberline an isotropic shelter 
effect was found. As shown by Haase (2001), in the case 
of anisotropic spatial distribution, the physical aspects 
of facilitation predominate. Since the aggregation was 
detected downslope and outside the crown of P. mugo, 
we can assume that there is a ‘shield effect’ rather than 
a ‘nurse effect’ with regard to P. cembra. Improving site 
conditions for downwind individuals has been suggested 
by Holtmeier (2003) and Bekker (2005). Baumeister 
& Callaway (2006) observed a similar situation in the 
Pinus flexilis - Pseudotsuga menziesii relationships in a 
forest-grassland ecotone in Montana (US).

The spatial interaction between P. mugo and P. 
cembra provides further evidence of a ongoing dynam-
ics that could, in the long term, favour P. cembra over 
L. decidua in the Alps (Piussi 1994; Risch et al. 2003; 
Motta & Lingua 2005). The encroachment of grassland 
and other non-forest habitats by pine krummholz reduces 
the parts of the landscape where L. decidua recruits more 
effectively and grows faster than late successional spe-
cies. Furthermore, a pronounced negative effect of Pinus 
cover on recruitment and growth of L. decidua has been 
noted in other studies (Dullinger et al. 2005).

Human impact has been the major driving force in 
shaping the investigated forest ecosystem. Over the last 
few decades, however, natural dynamics have become 
more important, mainly as a consequence of the decrease 
in grazing and forest exploitation. P. cembra seems to 
be favoured in the new conditions, where it is able to 
compete with other tree species for establishment. Com-
petition and facilitation dynamics between tree species 
may, therefore, play an important role on the evolution 
of this formerly human shaped environment and should 
be investigated in long-term monitoring research.

Acknowledgements. This study was funded by the Lombardy 
Region (FORALLOM Project – Foreste di alta quota delle 
Alpi lombarde). The authors thank the ‘Stelvio National Park’, 
Bormio, for co-operation in the research and for logistic sup-
port; A. Battiston, R. Berretti, M. Gandini and G. Vacchiano for 
valuable help during field work and sample analysis; F. Meloni 
for the CAD work; D.Godone for mapping support; R. Mar-
zano and T.A. Nagel for language review and two anonymous 
reviewers for their helpful comments and suggestions.

References

Ali, A., Carcaillet, C., Talon, B., Roinon, P. & Terral, J.-F. 2005. 
Pinus cembra L. (arolla pine), a common tree in the inner 
French Alps since the early Holocene and above the present 
treeline: a synthesis based on charcoal data from soils and 
travertines. Journal of Biogeography 32: 1659-1669.

Andersen, M. 1992. Spatial analysis of two-species interactions. 
Oecologia 91: 134-140.

Anfodillo, T., Rento, S., Carraro, V., Furlanetto, L., Urbinati, 
C. & Carrer, M. 1998. Tree water relations and climatic 
variations at the alpine timberline: seasonal changes of sap 
flux and xylem water potential in Larix decidua Miller, 
Picea abies (L.) Karst. and Pinus cembra L. Annales des 
sciences forestières  55: 159-172.

Baumeister, D. & Callaway, R.M. 2006. Facilitation by Pinus 
flexilis during succession: a hierarchy of mechanisms be-
nefits other plant species. Ecology 87: 1816-1830.

Bebi, P. & Baur, P. 2002. Forest expansion in the Swiss 
Alps: a quantitative analysis of bio-physical and socio-
economic causes. Austrian Journal of Forest Science 
119: 217-230.

Bebi, P., Kienast, F. & Schönenberg, W. 2001. Assessing struc-Assessing struc-
tures in mountain forests as a basis for investigating the 
forests‘ dynamics and protective function. Forest Ecology 
and Management 145: 3-14.

Bekker, M. 2005. Positive feedback between tree establishment 
and patterns of subalpine forest advancement, Glacier Na-
tional Park, Montana, U.S.A. Arctic, Antarctic and Alpine 
Research 37: 97-107.

Cairns, D.M. & Moen, J. 2004. Herbivory influences tree lines. 
Journal of Ecology 92: 1019-1024.

Callaway, R.M. 1998. Competition and facilitation on eleva-
tion gradients in subalpine forests of the northern Rocky 
Mountains, USA. Oikos 82: 561-573.

Callaway, R.M., Brooker, R.W., Choler, P., Kikvidze, Z., Lortie, 
C.J., Michalet, R., Paolini, L., Pugnaire, F.I., Newingham, 
B., Aschehoug, E.T., Armas, C., Kikodze, D. & Cook, B.J. 
2002. Positive interactions among alpine plants increase 
with stress. Nature 417: 844-848.

Camarero, J.J. & Gutierrez, E. 1999. Structure and recent re-
cruitment at alpine forest-pasture ecotones in the Spanish 
central Pyrenees. Ecoscience 6: 451-464.

Camarero, J.J. & Gutierrez, E. 2002. Plant species distribution 
across two contrasting ecotones in the Spanish Pyrenees. 
Plant Ecology 162: 247-257.

Camarero, J.J., Gutierrez, E. & Fortin, M.J. 2000. Spatial 
patterns of subalpine forest-alpine grassland ecotones in 
the Spanish Central Pyrenees. Forest Ecology and Mana-
gement 134: 1-16.

Camp, A.E. 1999. Age structure and species composition 
changes resulting from altered disturbance regimes on the 
eastern slopes of the Cascades Range, Washington. Journal 
of Sustainable Forestry 9: 39-67.

Carcaillet, C. 1998. A spatially precise study of Holocene fire 
history, climate and human impact within Maurienne valley, 
North French Alps. Journal of Ecology 86: 384-396.

Carrer, M., Anfodillo, T., Urbinati, C. & Carraro, V. 1999. High 
altitude forest trees sensitivity to global warming: results 
from long-term and short-term analyses in the Italian 



- Spatial structure along an altitudinal gradient in the Italian central Alps - 435

Eastern Alps. In: Beninston, M. & Innes, J.L. (eds.) The 
impacts of climate variability on Forests, pp. 171-189. 
Springer, Berlin, DE.

Chen, J., Song, B., Rudnicki, M., Moeur, M., Bible, K., 
North, M., Shaw, D.C., Franklin, J.F. & Braun, D.M. 2004. 
Spatial relationship of biomass and species distribution in 
an old-growth Pseudotsuga - Tsuga forest. Forest Science 
50: 364-375.

Curtin, C.G. 1995. Can montane landscapes recover from human 
disturbance? Long-term evidence from disturbed subalpine 
communities. Biological Conservation 74: 49-55.

Diggle, P.J. 1983. Statistical analysis of spatial point patterns. 
Academic Press, New York, NY, US.

Dobbertin, M., Baltensweiler, A. & Rigling, D. 2001. Tree 
mortality in an unmanaged mountain pine (Pinus mugo var. 
uncinata) stand in the Swiss National Park impacted by root 
rot fungi. Forest Ecology and Management 145: 79-89.

Dullinger, S., Dirnböck, T. & Grabherr, G. 2003. Pattern 
of shrub invasion into high mountain grasslands of the 
northern calcareous Alps, Austria. Arctic, Antarctic and 
Alpine Research 35: 434-441.

Dullinger, S., Dirnböck, T., Köck, R., Hochbichler, E., English, 
E., Sauberer, N. & Grabherr, G. 2005. Interactions among 
tree-line conifers: differential effects of pine on spruce and 
larch. Journal of Ecology 93: 948-957.

Duncan, R.P. 1991. Competition and the coexistence of species 
in a mixed podocarp stand. Journal of Ecology 79: 1073-
1084.

Duncan, R.P. & Stewart, G.H. 1991. The temporal and spatial 
analysis of tree age distributions. Canadian Journal of 
Forestry Research 21: 1703-1710.

Durrett, R. & Levin, S. 1998. Spatial aspects of interspecific 
competition. Theoretical Population Biology 53: 30-43.

Erschbamer, B., Virtanen, R. & Nagy, L. 2003. The impact of 
vertebrate grazers on vegetation in European high moun-
tains. In: Nagy, L., Grabherr, G., Körner, C. & Thompson, 
D.B.A. (eds.) Alpine biodiversity in Europe, pp. 377-396. 
Springer-Verlag, Berlin, DE.

Germino, M.J., Smith, W.K. & Resor, A.C. 2002. Conifer 
seedling distribution and survival in an alpine-treeline 
ecotone. Plant Ecology 162: 157-168.

Grace, J. & Norton. D.A. 1990. Climate and growth of Pinus 
sylvestris at its upper altitudinal limit in Scotland: evidence 
from tree growth-rings. Journal of Ecology 78: 601-610.

Haase, P. 1995. Spatial pattern analysis in ecology based on 
Ripley’s K-function: Introduction and methods of edge 
correction. Journal of Vegetation Science 6: 575-582.

Haase, P. 2001. Can isotropy vs. anisotropy in the spatial as-
sociation of plant species reveal physical vs. biotic facili-
tation? Journal of Vegetation Science 12: 127-136.

Hadley, J.L. & Smith, W.K. 1987. Influence of krummholz 
mat microclimate on needle physiology and survival. 
Oecologia 73: 82-90.

Harper, K.A., Bergeron, Y., Drapeau P., Gauthier, S. & De 
Grandpré, L. 2005. Structural development folowing fire 
in black spruce boreal forest. Forest Ecology and Mana-
gement 206: 293-306.

Hasselquist, N., Germino, M.J., McGonigle, T. & Smith, W.K. 
2005. Variability of Cenococcum colonization and its 
ecophysiological significance for young conifers at alpine 

treeline. New Phytologist 165: 867-873.
Holtmeier, F.-K. 2003. Mountain timberlines. Ecology, pat-

chiness and dynamics. Kluwer, Dordrecht, NL.
Holtmeier, F.-K. & Broll, G. 2005. Sensitivity and response 

of northern hemisphere altitudinal and polar treelines to 
environmental change at landscape and local scales. Global 
Ecology and Biogeography 14: 395-410.

James, J.C., Grace, J. & Hoad, S.P. 1994. Growth and pho-
tosynthesis of Pinus sylvestris at its altitudinal limit in 
Scotland. Journal of Ecology 82: 297-306.

Kikvidze, Z., Khetsuriani, L., Kikodze, D. & Callaway, R.M. 
2006. Seasonal shifts in competition and facilitation in 
subalpine plant communities of the central Caucasus. 
Journal of Vegetation Science 17: 77-82.

Körner, C. 2003. Limitation and stress – always or never? 
Journal of Vegetation Science 14: 141-143.

Körner, C. 2004. Individuals have limitations, not communities 
– A response to Marrs, Weiher and Lortie et al. Journal of 
Vegetation Science 15: 581-582.

Kräuchi, N., Brang, P. & Schönenberg, W. 2000. Forests of 
mountainous regions: gap in knowledge and research needs. 
Forest Ecology and Management 132: 73-82.

Legendre, P. & Fortin, M.J. 1989. Spatial pattern and ecological 
analysis. Vegetatio 80: 107-138.

Legendre, P. & Legendre, L. 1998. Numerical ecology. Elsevier, 
Amsterdam, NL.

Lloyd, A.H. 1997. Response of tree-line populations of foxtail 
pine (Pinus balfouriana) to climate variation over the last 
1000 years. Canadian Journal of Forest Research 27: 
936-942.

Lortie C.J. & Callaway R.M. 2006. Re-analysis of meta-
analysis: support for the stress-gradient hypothesis. Journal 
of Ecology 94: 7-16. Lortie, C.J., Brooker, R.W., Kikvidze, 
Z. & Callaway, R.M. 2004. The value of stress and limita-
tion in an imperfect world: A reply to Körner. Journal of 
Vegetation Science 15: 577-580.

Lotwick, H.W. & Silverman, B.W. 1982. Methods for analy-
sing spatial processes of several types of points. Journal 
of the Royal Statistical Society Series B (Methodological) 
44: 406-413.

Maestre, F.T. & Cortina, J. 2004. Do positive interactions in-
crease with abiotic stress? A test from a semi-arid steppe. 
Proceedings of the Royal Society of London: Series B 
(Suppl.) 271: S331-S333.

Maestre, F.T., Valladares, F. & Reynolds J.F. 2006. The stress-
gradient hypothesis does not fit all relationships between 
plant-plant interactions and abiotic stress: further insights 
from arid environments. Journal of Ecology 94: 17-22.

Manly, B.F.J. 1997. Randomization, Bootstrap and Monte 
Carlo Methods in Biology (2nd. ed.). Chapman & Hall/
CRC, London, UK. 

Manning, P., Putwain, P.D. & Webb, N.R. 2007. Spatial hete-
rogeneity in the determinants of woody plant invasion of 
lowland heath. Applied Vegetation Science 10: 65-72.

Mast, J.N., Veblen, T.T. & Hodgson M.E. 1997. Tree invasion 
within a pine/grassland ecotone: an approach with historic 
aerial photography and GIS modelling. Forest Ecology and 
Management 93: 181-194.

Moeur, M. 1993. Characterizing spatial patterns of trees using 
stem-mapped data. Forest Science 39: 756-775.



436 Lingua, E.  et al.

Moran, P.A.P. 1950. Notes on continuous stochastic pheno-
mena. Biometrika 37: 17-23.

Moravie, M.A. & Audrey, R. 2003. A model to assess rela-A model to assess rela-
tionships between forest dynamics and spatial structure. 
Journal of Vegetation Science 14: 823-834.

Motta, R. & Garbarino, F. 2003. Stand history and its conse-Stand history and its conse-
quences for the present and future dynamic in two silver fir 
(Abies alba Mill.) stands in the high Pesio Valley (Piedmont, 
Italy). Annals of  Forest Science 60: 361-370.

Motta, R. & Lingua E. 2005. Human impact on size, age, and 
spatial structure in a mixed European larch and Swiss stone 
pine forest in the Western Italian Alps. Canadian Journal 
of Forest Research 35: 1809-1820.

Motta, R. & Nola, P. 2001. Growth trends and dynamics in sub-
alpine forest stands in the Varaita valley (Piedmont, Italy) 
and their relationships with human activities and global 
change. Journal of Vegetation Science 12: 219-230.

Motta, R., Morales, M. & Nola, P. 2006a. Human land-use, fo-
rest dynamics and tree growth at the treeline in the Western 
Italian Alps. Annals of Forest Science 63: 739-747.

Motta, R., Berretti, R., Lingua, E. & Piussi, P. 2006b.Coarse 
woody debris, forest structure and regeneration in the 
Valbona Forest Reserve, Paneveggio, Italian Alps. Forest 
Ecology and Management 235: 155-163.

Nagel, T.A., Svoboda, M. & Diaci, J. 2006. Regeneration 
patterns after intermediate wind disturbance in an old-
growth Fagus-Abies forest in southeastern Slovenia. Forest 
Ecology and Management 226: 268-278.

Oliver, C.D. 1981. Forest development in North America 
following major disturbances. Forest Ecology and Mana-
gement 3: 153-158.

Oliver, C.D. & Larson, B.C. 1996. Forest stand dynamics. 
Wiley, New York, NY, US.

Pages, J.P. & Michalet, R. 2003. A test of the indirect facilita-A test of the indirect facilita-
tion model in a temperate hardwood forest of the northern 
French Alps. Journal of Ecology 91: 932-940.

Pages, J.P., Pache, G., Joud, D., Magnan, N. & Michalet, R. 
2003. Direct and indirect effects of shade on four forest tree 
seedlings in the French Alps. Ecology 84: 2741-2750.

Paulsen, J. & Körner, C. 2001. GIS-analysis of tree-line eleva-
tion in the Swiss Alps suggests no exposure effect. Journal 
of Vegetation Science 12: 817-824.

Payette, S., Filion, L. & Delwaide, A. 1990. Disturbance regime 
of a cold temperate forest as deduced from tree-ring pat-
terns: the Tantaré Ecological Reserve, Québec. Canadian 
Journal of Forest Research 20: 1228-1241.

Peterson, C.J. & Squiers, E.R. 1995. An unexpected change 
in spatial patterns across 10 years in an aspen-white pine 
forest. Journal of Ecology 83: 847-855.

Piussi, P. 1994. Mixed cembran pine stand on the southern slope 
of the eastern alps. General Technical Report, INT-GTR 309, 
pp.261-1268. USDA Forest Service, Ogden, UT, US.

Pommerening, A. 2002. Approaches to quantifying forest 
structures. Forestry 75: 306-323.

Ripley, B.D. 1977. Modelling spatial patterns (with discus-
sion). Journal of the Royal Statistical Society: Series B 
(Methodological) 39: 172-212.

Risch, A.C., Nagel, M.L., Schütz, M. , Krüsi, B.O., Kienast, F. 
& Bugman, H. 2003. Structure and long-term development 
of subalpine Pinus montana Miller and Pinus cembra L. 

forests in the Central European Alps. Forstwissenschaft-
liches Centralblatt 122: 219-230.

Rozas, V. 2003. Regeneration patterns, dendroecology, and 
forest-use history in an old-growth beech-oak lowland 
forest in Northern Spain. Forest Ecology and Management 
182: 175-194.

Sawada, M. 1999. ROOKCASE: An Excel 97/2000 Visual 
Basic (VB) add-in for exploring global and local spatial 
autocorrelation. Bulletin of the Ecological Society of Ame-
rica 80: 231-234.

Schönenberger, W. 2000. Silvicultural problems in subalpine 
forests in the Alps. In: Price, M.F. & Butt, N. (eds.) Forest 
in sustainable Mountain development: a state of know-
ledge report for 2000, pp. 197-203. CAB Iinternational, 
Wallingford, UK.

Senn, J., Schönenberger, W. & Wasem, U. 1994. Survival and 
growth of planted cembran pines at the alpine timberline. 
General Technical Report, INT-GTR 309, pp.105-109. 
USDA Forest Service, Ogden, UT, US.

Slatyer, R.O. & Noble, I.R. 1992. Dynamics of montane tree-
lines. In: Di Castri, F. & Hansen, A.J. (eds.) Landscape 
boundaries. Consequences for biotic diversity and ecolo-
gical flows, pp. 346-359. Springer Verlag, Berlin, DE.

Smit, C., Béguin, D., Buttler, A. & Müller-Schärer, H. 2005. 
Safe site for tree regeneration in wooded pastures: A case 
of associational resistance? Journal of Vegetation Science 
16: 209-214.

Theurillat, J.P. & Guisan, A. 2001. Potential impact of climate 
change on vegetation in the European Alps: a review. 
Climate Change 50: 77-109.

Tielbörger, K. & Kadmon, R. 2000. Temporal environmental 
variation tips the balance between facilitation and interfe-
rence in desert plants. Ecology 81: 1544-1553.

Tinner, W. & Theurillat, J.P. 2003. Uppermost limit, extent, 
and fluctuations of the timberline and treeline ecocline in 
the Swiss Central Alps during the past 11,500 years. Arctic 
Antarctic, and Alpine Research 35: 158-169.

Tranquillini, W. 1979. Physiological ecology of the Alpine 
timberline. Springer Verlag, Berlin, DE.

Upton, G.J.G. & Fingleton, B. 1985. Spatial data analysis 
by example. Point pattern and quantitative data. Wiley, 
Chichester, UK.

Valverde, T. & Silvertown, J. 1997. Canopy closure rate and 
forest structure. Ecology 78: 1555-1562.

Von Holle, B., Delcourt, H.R. & Simberloff, D. 2003. The im-
portance of biological inertia in plant community resistance 
to invasion. Journal of Vegetation Science 14: 425-432.

Watt, A.S. 1947. Pattern and process in the plant community. 
Journal of Ecology 35: 1-22.

Weisberg, P.J., Lingua, E. & Pillai, R.B. 2007. Spatial patterns 
of Pinyon-Juniper woodland expansion in Central Nevada, 
USA. Rangeland Ecology and Management 60: 115-124.

Zeller, E. 1993. La cura dei piccoli collettivi. Progetto Selvi-
coltura di montagna II 3A, Ufficio federale dell’ambiente 
delle foreste e del paesaggio, Bern, CH.

Received 3 January 2007;
Accepted 17 August 2007;

Co-ordinating Editor: H. Bruelheide.


