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Abstract
The structure of forest stands and tree architecture at the forest ecotone were analysed at the Alpine timberline zone of the Babia Góra massif of the Western Carpathians. Tree stand and tree characteristics displayed
large differences in various locations. On the north slope of the massif, trees at the timberline grow relatively
tall and slender, and have narrow crowns. Trees at the timberline on the south-west facing slopes of the massif,
at higher elevations, are shorter, with lower slenderness indices and relatively broader crowns. These results
suggest, that different environmental factors play major roles in shaping the structure of the timberline in various elevations and various exposures.
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Introduction
The upper limits of forest distribution in mountains share a special set of environmental conditions, producing characteristic forest structures. In high mountain areas, large changes,
such as in temperature, snow cover depth, and
wind speed occur in relatively short distances,
affecting the vegetation in a very strong way
(Körner 2012). Analysing the relations between
environmental factors and plant growth and
form, is easier than in other places. During
the last two decades the Alpine timberlines
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throughout the world have attracted the attention of many scientists (Dullinger et al. 2004;
Nagy 2006; Rai et al. 2012). There was an expectation, that the effects of global climate
should be relatively strong and easy to document at the Alpine timberlines. Relatively
small changes in climatic parameters could
lead to significant changes in the structure
of tree stands and in tree architecture in the
Alpine timberlines (Smith et al. 2003).
In several studies, it has been documented
that the elevation of the timberline in high
mountains has already significantly increased
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over the last centuries or decades (Kullman
2002; Dullinger et al. 2004; Takahashi et al.
2012). However, in some cases the increase
in the elevation of the timberline could be attributed to the changes in human management (especially the decline in sheep and
cattle grazing in high-elevation meadows),
than to climate changes (Guzik 2008; Lingua
et al. 2008; Rai et al. 2012). In many mountain
ranges throughout the world, the influence
of grazing has been strong and persistent. For
this reason, it is usually difficult to separate
the effects of climate change from the effects
of human management changes in the high
mountain areas.
Tree stand structure at the forest ecotone
could respond to climate changes faster than
the elevation of the timberline (Smith et al.
2003; Nagy 2006; Zhang et al. 2009). The
structural changes in plant community and
the modifications of the tree architecture need
less time than is necessary for the forest border to move a certain distance up the slope.
Therefore, studying changes in tree size, crown
architecture, and spatial patterns of trees
could yield more information about the possible effects of global climate changes on forest
ecotones. The structure of tree stands at the
Alpine timberline has been already studied
in various mountain ranges (Smith et al. 2003;
Rai et al. 2012; Takahashi et al. 2012). Some
of these papers were focused mainly on the
spatial relationships among trees, trying to infer biological processes from spatial patterns
(Lingua et al. 2008; Zhang et al. 2009). Other
studies focused on analysing the size structure
of trees (Rai et al. 2012) and tree architecture
(Smith et al. 2003). It is well documented, that
trees at the Alpine timberline grow shorter,
and grow with asymmetric crowns (Awzan
et al. 1987; Smith et al. 2003), and frequently
they grow in groups or in lines (Myczkowski
1964; Lingua et al. 2008; Zhang et al. 2009).
Such growth patterns are frequently the result
of vegetative reproduction (Körner 2012) or regeneration of trees on the coarse woody debris
–‘nurse logs’ (Holeksa 1998).
The structure of the Alpine timberline
on Babia Góra Mt. has already been subjected

to some detailed studies. These studies chiefly
concern the north slope of the massif (Zientarski 1976; Awzan et al. 1987). There are still
many unanswered questions, though, that
have to do with the relationship between the
tree architecture and the structure of tree
stands on one hand, and the environmental
factors affecting the timberline ecotone. Assuming that low temperatures of the growing
season, sometimes coupled with a short growing season, are the most important factor/s
shaping the Alpine timberline on a large scale
(Körner 2012), the other factors, like winter
winds, snow avalanches, and rockfalls, can
strongly modify the timberline on the local
scale. The effects of these factors are visible
in tree forms. Thus, the analysis of tree architecture and stand pictures at the timberline
can yield valuable insight into the functioning of tree populations of the high mountain
ecotone.

Study area
The area of study was the massif of Babia
Góra Mt. in the Western Carpathians, on the
border between Poland and Slovakia. The elevation of Babia Góra’s peak is 1725 m a.s.l.
which is 300-400 m higher compared to the
neighboring mountain ranges. The climate
is cool and humid; at the timberline level of Babia Góra Mt. the mean annual temperature
is about 2°C, and the annual sum of precipitation is slightly over 1400 mm (Obrębska-Starkel
2004). The average duration of snow cover
in the subalpine spruce forests in 156 days
(Zientarski 1976; Łajczak 2004).
The vegetation of Babia Góra Mt. has been
thoroughly studied by various groups of scientists (Celiński & Wojterski 1978; Parusel et al.
2004). The subalpine spruce forests form
a continuous belt around the Babia Góra massif. The dominant species is Norway spruce
(Picea abies (L.) Karst.), and a small admixture
is sometimes formed by rowan (Sorbus aucuparia L.) (Holeksa 2000). Despite the relatively uniform composition of the tree layer,
the subalpine forests on Babia Góra Mt. are
very diverse. That diversity is strongly reflected

Geographia Polonica 2015, 88, 2, pp. 103-113

GP2015-88-2.indb 104

2015-06-15 11:41:50

Structure of the forest ecotone in the Babia Góra Massif, Western Carpathians

in the composition and structure of the forest floor vegetation. Four different units were
identified by botanists within the association
of the subalpine spruce forest PlagiothecioPiceetum (Kasprowicz 1996; Holeksa 2003;
Parusel et al. 2004).
The lower border of the subalpine spruce
forest belt is at an elevation of about 11001150 m a.s.l. (Bednarz et al. 2009). The timberline in the Babiogórski National Park (Polish
part of the mountain) is located – according
to Celiński and Wojterski (1978), and Bednarz
et al. (2009) at elevations between 1350
and 1450 m a.s.l. on the north slope of the
massif, and between 1400 and 1500 m a.s.l.
on the south slope of the massif. In the Slovakian part of Babia Góra Mt., the timberline
reaches an elevation of over 1500 m (Vorčak
et al. 2006). Above the Alpine timberline
there is a broad belt of shrubs, consisting
mostly of dwarf mountain pine Pinus mugo,
but in some places rowan Sorbus aucuparia
are plentiful (Borysiak 1985; Żywiec & Ledwoń
2008). Open places at the timberline and
within the dwarf pine zone are usually characterised by lush vegetation, especially fern
Athyrium distentifolium, tall herbs (Cicerbita
alpina, Doronicum austriacum), and types
of grasses (Calamagrostis villosa) (Kasprowicz
1996; Parusel et al. 2004).

Methods
This work was part of a bigger project,
in which various factors associated with the
timberline were studied: landforms, soils, climate, and radial increments of trees growing
at the timberline.
Three sample plots for the analysis of the
vegetation structure in the Alpine timberline
ecotone were established on Babia Góra Mt.
Two of the plots were on the south-western
slopes of the mountain, in Slovakia. The third
sample plot was on the north slope, in the middle part of the Babia Góra massif. Each sample plot was a circle with a 12.6 m radius. This
means that the size of each plot was equal
to 500 m2 in the vertical projection. In the
plot, the exact location of each tree which had
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a DBH (diameter at the height of 1.3 m above
the ground) that was thicker than 7 cm was
determined by measuring the horizontal angle
and the distance from the plot centre. Each
tree’s DBH was then measured, along with
the tree height and the height of tree crown
base. For each living tree, the crown radii were
measured in the four cardinal directions. The
status of each tree (alive, standing dead, broken) was determined. For standing dead trees,
the DBH and tree height were measured, but
no measurements of the crown were taken.
For the broken or uprooted trees only the diameter of the trunk was measured.
In the middle part of each sample plot
(a circle with a size of 100 m2) all smaller trees
(taller than 50 cm, but less than 7 cm in DBH),
shrubs, dwarf shrubs, herbaceous plants, and
mosses, were identified to species. The percent
cover for each species was estimated visually.
On the basis of field measurements, the
length of the tree crown (CL - difference between tree height and the height of the crown
base) was calculated. Crown length divided
by tree height and expressed as a percent was
defined as the relative crown length (CLrel).
The slenderness of a tree was calculated
as the tree height divided by tree DBH, with
both tree dimensions expressed in the same
units. The sum of the crown radii in four cardinal directions divided by two was calculated
as a crown width (CW). The ration of crown
length (CL) to crown width (CW) was employed
as a measure of crown shape.
Statistical analyses included: calculating
the basic statistical characteristics: mean value and standard deviation for each measured
or calculated tree variable; determining the
relationships between various tree variables
using linear and non-linear methods, and testing the significance of differences between
mean values using the Mann-Whitney U-test.
The analyses were conducted using the STATISTICA 9.0 software package.

Results
The canopy cover of living trees varied between 23 and 48%. In the sample plot, the
Geographia Polonica 2015, 88, 2, pp. 103-113
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number 2 tree stand was only composed
of the spruce Picea abies, while in other sample plots there was a small admixture of rowan, Sorbus aucuparia, which made up from
2 to 10% of all tree stems. Tree density (calculated per one hectare) of living trees varied
from 480/ha to 580/ha. Differences among
the study plots were relatively small. Even
more uniform were the densities calculated for
only the live Norway spruce; from 480 to 520
stems per hectare (Tab. 1). The stand basal
area of living trees was much more variable.
In sample plot number one, the stand basal
area amounted to 45 m2/ha, which is a relatively high value for the forests growing in high
elevations. On the other hand, in sample plot
number 2, the basal area of live trees was only
16.5 m2/ha (Tab. 1).
The cover of shrubs and young trees was
low, ranging from 0 (plot 1) to 10% (plot 2),
while the cover of herbaceous vegetation
and dwarf shrubs was much higher (70-90%)
(Tab. 2). The most common species in the field
layer was the blueberry plant Vaccinium myrtillus. Other plants occurred in much lower
abundances (Tab. 2). The total list of plant
species was relatively short; apart from blueberry plants, the other relatively common

plants were ferns: Athyrium distentifolium
and Dryopteris dilatata, grasses – Calamagrostis villosa and Deschampsia flexuosa, and
a low-stature herb Homogyne alpina. Other
plants, like Vaccinium vitis-idaea, Luzula sylvatica, and raspberry Rubus idaeus, occurred
only sporadically and had low cover values.
Among the mosses, the most common species
was Polytrichum formosum, while the other
species; Plagiothecium undulatum, Dicranum
scoparium, and Rhytidiadelphus squarrosus
occurred in lower abundances (Tab. 2).
Tree diameter distributions also differed in the study plots. The thickest trees
(up to 57 cm in DBH) occurred in sample
plot 1, while the thinnest ones (up to 32 cm
in DBH) – in sample plot 2. The differences
in mean DBH were significant between plot 1
and plot 2 (Z = 3.63, p = 0.0003), and between plot 2 and plot 3 (Z = 2.89, p = 0.004).
In plot 3, situated on the north slope of Babia
Góra Mt. the spruce were definitely the tallest
from among the analysed locations. The diameters of the spruce were smaller than in plot 1,
and the thickest tree attained slightly less
than 50 cm in DBH (Fig. 1). However, there
was no significant difference in the mean
DBH between plot 1 and plot 3. In plot 2, the

Table 1. Characteristics of sample plots

Elevation [m]
Slope inclination [%]
Aspect
Number of live trees [ind./ha]
Number of live spruce [ind./ha]
Number of live rowan [ind./ha]
Number of dead rowan
Number of dead standing trees [ind./ha]
Number of downed trees [ind./ha]
Basal area of live spruce [m2/ha]
Basal area of dead spruce [m2/ha]
Canopy cover [%]
Shrub cover [%]
Field layer cover [%]
Moss cover [%]

plot 1

plot 2

plot 3

1450
15
W
480
480
0
20
260
20
45
9
48
1
80
35

1500
10
SW
520
520
0

1400
30
N
580
500
80
20
140
80
35.5
17
23
5
70
20

140
140
16.5
4.5
24
10
90
10
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trees had smaller diameters than in the other
plots. Plot 2 was also more uniform in respect
to tree sizes; the range and standard deviation
of DBH values were definitely lower in plot 2
than in the other plots (Tab. 3).
Tree height was very diverse both within
and between the sample plots. The tallest
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spruce were up to 17 m tall and occurred
in the sample plot located on the north slope
of the massif (plot 3), at an elevation of about
1400 m a.s.l. However, the shortest tree in that
plot was only 3.6 m tall. On the south-west
slopes of Babia Góra Mt. there was a very
steep gradient in tree heights. Trees at the

Table 2. Vegetation of sample plots
cover in [%]
Plot 1
Shrubs and tree saplings
Pinus mugo
Sorbus aucuparia
Picea abies
Juniperus nana

Plot 2

Plot 3

10

2
1
2

2

Short shrubs and tree seedlings
Rubus idaeus
Sorbus aucuparia
Picea abies

3
1

Dwarf shrubs
Vaccinium myrtillus
Vaccinium vitis-idaea

40

40

Ferns
Athyrium distentifolium
Dryopteris dilatata

25
5

2
2

5

Forbs
Homogyne alpina
Rumex arifolius

2
1

1

2

Grasses
Deschampsia flexuosa
Calamagrostis villosa

3
1

40
10

2

Wood rushes
Luzula sylvatica

1

1
1

Clubmosses
Huperzia selago
Mosses
Polytrichum formosum
Plagiothecium undulatum
Rhytidiadelphus squarrosus
Dicranum scoparium

60
2

1
20
5
10

10

15
5
3
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Table 3. Tree characteristics in sample plots
plot 1

plot 2

plot 3

DBH

average
min.
max.
STD

31.5
7.3
57.3
13.54

20.2
7
32.5
6.68

28.4
9.6
49.7
11.21

Height

average
min.
max.
STD

9.9
3.6
14.5
2.95

7
4.5
9
1.42

10.2
3.6
17
3.61

Slenderness

average
min.
max.
STD

34.22
20.60
49.14
9.06

37.76
22.90
85.63
13.74

37.22
22.43
52.33
8.19

Relative Crown Length

average
min.
max.
STD

76.7
41.7
100
14.27

76.38
53.3
92
13.36

72.74
46.67
95.45
12.73

Crown width (CW)

average
min.
max.
STD

3.46
1.5
5.7
1.26

2.34
0.6
4.05
0.81

2.27
1.2
3.9
0.71

CL/CW

average
min.
max.
STD

2.26
1.38
3.33
0.59

2.55
1.04
5.83
1.05

3.28
1.67
5.09
0,96

elevation of 1450 m a.s.l. (sample plot 2) were
up to 14.5 m tall, while in the uppermost location of the timberline (1500 m a.s.l.) the height
of tallest trees attained barely 9.0 m (Tab. 3).
The range of tree heights in plot 2 was definitely narrower than in the other locations, and the
average tree height in plot 2 was significantly
lower than in plot 3 (Z = 2.98, p ≤ 0.0028) and
in plot 1 (Z = 3.31, p = 0.0008). The comparison of height-diameter curves produced for the
three analysed plots (Fig. 2) showed, that the
differences in tree heights increased with the
tree DBH. Among thinner trees, there was
no substantial differences among the plots, but
as trees grew thicker, there was an increasing
difference in their heights.

The variability of the slenderness index
among the analysed plots was very low. Values of the index which exceeded 50 were very
rare; in fact, they were only found for relatively young and thin trees. The average values
of the index of slenderness were between 34
(plot 1) and 38 (plot 2). None of the differences
among the analysed plots were statistically
significant. The minimum values were also
very similar. In general, trees in plot 3 were
consistently more slender than in plot 1. There
was one outlier among the trees growing
in plot 2, which attained a slenderness index
equal to 85. This one finding made the results
from that plot more variable than in other locations (Tab. 3).
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were easier to interpret. In the plot 1, located
at the elevation of 1450 m a.s.l., crowns were
relatively ‘flat’. The average ratio of CL to CW
was only 2.26, and the highest value was 3.33.
This means that the range of crown shape indices was rather narrow. In plot 3, situated
Plot 1

14
12

Tree number

10
8
6
4
2

51 to 60

41 to 50

31 to 40

21 to 30

11 to 20

up to 10

0
[cm]

DBH classes
Plot 2

14
12

Tree number

10
8
6
4
2

51 to 60

41 to 50

31 to 40

21 to 30

11 to 20

up to 10

0
[cm]

DBH classes
Plot 3

14
12
10

Tree number

8
6
4
2

51 to 60

41 to 50

31 to 40

21 to 30

11 to 20

0

up to 10

Tree crown lengths were proportional
to tree height. In general, most of the trees
had crown bases situated very close to ground
level, although only in a small number of individuals did the lowest living branches actually touch the ground. Relative crown length
showed little difference among sample plots;
the average RCL ratio ranged from about 73%
in plot 3 to 77% in plot 1. None of the differences in relative crown length among the plots
were statistically significant. Differences within plots were much larger than the differences
between different elevations (Tab. 3). In general, all analysed spruce in the forest ecotone
zone were characterised by long crowns.
Crown widths (CW) displayed a different pattern; in this case, plot 1 was different from the other two. In plot 1 there were
trees with average crown diameters of almost
3.5 m, while in the two other plots, the mean
crown diameters were more than 1 m smaller
(Tab. 3). The differences between plot 1 and
plot 2 (Z = 3.02, p = 0.002) and plot 1 and
plot 3 (Z = 3.34, p = 0.0008) were statistically
significant, while the differences between
plot 3 and plot 2 were not. The range of crown
widths and the standard deviation were also
bigger in plot 1 compared with the two other
plots. The relationship between crown width
(CW) and tree DBH showed an opposite tendency to that of the relationship between tree
height and tree DBH. In plot 3, where the trees
were tallest, the crowns were narrower than
in the other plots. In the case of trees with
large diameters, the difference in crown width
between plot 3 and plot 2 was even two-fold
(Fig. 3). Interestingly, there were also some differences between plots 1 and 2. Plot 2, situated at the highest elevation, was characterised
by relatively broader crowns than the crowns
in plot 1. Plot 1 was situated at a slightly lower
elevation
Tree crown shape, expressed as a proportion of crown length (CL) to crown width (CW)
differed a lot both among the sample plots
and within them (Tab. 3). Plot 2 was the least
consistent one, having the broadest range
of CL/CW values and a medium average
(Tab. 3). The differences between plots 1 and 3
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[cm]

DBH classes

Figure 1. DBH distributions in the sample plots
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H2
H3
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14
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10
8
6
4
2
0
0

10

20

30

40

50

60

DBH [cm]

Figure 2. Height-DBH curves for three sample plots
CW [m]
CW1
CW2
CW3

8
7
6
5
4
3
2
1
0
0

10

20

30

40

50

60

DBH [cm]

Figure 3. CW-DBH curves for plots 1, 2, and 3

at the elevation of 1400 m a.s.l., the average
CL/CW ratio was much higher (3.38), and
so was the range of its variability. The highest
value of CL/CW ratio reached over 5, while
the lowest one was equal to 1.67 (Tab. 3).

Discussion
The cover of the tree crowns in the analysed
ecotones of the Alpine timberline was much
less than 50%; only in one sample plot was
it close to 50%. It may seem a relatively
low canopy cover. It is essential to consider,
however, that visual estimations usually lead

to an overestimation of the canopy coverage,
so the values given in some papers might
be overestimated. The size of the tree crowns
in this study were measured, not estimated,
so there was no chance for an overestimation
of the canopy cover. In other timberline locations of Babia Góra Mt., the values of canopy cover lower than 50% were also found
by Awzan et al. (1987) almost 35 years earlier.
In some approaches, the value of a canopy
cover of 50% was considered as one of the
criteria for defining the timberline (Sokołowski
1928). Apparently, even forest stands below
the timberline ecotone may have a canopy
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cover lower than 50% (Awzan et al. 1987;
Jaworski & Karczmarski 1995; Holeksa et al.
2004). Therefore, using the canopy cover criteria for defining the Alpine timberline could
be rather misleading.
The timberline ecotone has often been
considered a zone of intense competition
between trees and shrubs – especially the
Dwarf mountain pine Pinus mugo (Myczkowski
1964). In the analysed sample plots, the cover
of shrubs in the timberline ecotone was very
low (from 1 to 20%). Very low values of shrub
cover in the Alpine timberline ecotone in Babia Góra Mt. were also found by Awzan et al.
(1987), and by Borysiak (1985). It seems that
competition between spruce and shrubs like
Rowan (Sorbus aucuparia), Dwarf mountain
pine or Juniper (Juniperus nana), does not
play an important role for the spruce growing
at the timberline ecotones. Similar results have
also been reported from other studies, where
the results of spatial analyses suggested the
prevalence of the facilitation effect – meaning that trees grow better when surrounded
by shrubs (Lingua et al. 2008; Zhang et al.
2009). In harsh environments of the timberline ecotone, protection from wind can play
a more important role than competition for
light and other resources (Körner 2012).
The results of biometrical analyses showed
significant differences in diameter and height
distributions between the uppermost location
of the timberline (1508 m a.s.l.) and lower
localities. There were no significant differences between mean diameter and mean
height in the south-west slope at an elevation
of 1450 m a.s.l. and the north slope at an elevation of 1400 m a.s.l. The tallest trees (up
to 17 meters in height) occurred on the north
slope. These trees were also relatively slender, with rather narrow crowns. Much taller
trees of up to 19.5 m, were found by Zientarski (1976) in his study of the timberline on the
north slope of Babia Góra Mt. at a slightly
lower elevation (1380 m a.s.l.). On the other
hand, in dense subalpine spruce forest-stands
at the elevation of 1360 m a.s.l. (relatively
close to the timberline) in the north slope
of Babia Góra Mt., the height of the spruce
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attained at least 21 m (Jaworski & Karczmarski 1995).
In the current study, the shortest (up to 9 m
tall) and thickest trees were found in the
south-west facing slope, where the timberline
reaches its uppermost elevation in Babia Góra
– 1508 m a.s.l. Spruce of similar heights had
been recorded by Zientarski (1976) among the
group of trees growing above the timberline
of Babia Góra’s north slope, at the elevation
of 1400 m a.s.l. Awzan et al. (1987) also reported trees of similar stature growing above
the timberline.
Trees at the timberline were relatively short
and thick The height growth can be moderate
in short trees, but it slows down once the trees
grow high enough for their tops to be exposed
to the wind (Körner 2012). Damage to tree
tops was common. The breakage in the upper
parts of the tree crowns can actually be lower,
not higher. The index of slenderness in Norway
spruce stands quite frequently attains values
above 100 (Zientarski 1976; Jaworski & Karczmarski 1995; Holeksa et al. 2008). At the
timberline, the index of slenderness in Norway spruce stands was much lower, ranging
on average, from 32 to 38. The lowest values
of the index of slenderness were found in plot
1, at an elevation of 1450 m a.s.l. However,
if the slenderness was related to tree DBH
(see Fig. 3), the trees at the uppermost location (plot 2 – elevation 1500 m a.s.l.) were
definitely less slender than the trees in lot 1.
Plot 3, located at an elevation of 1400 m a.s.l.
on the north slope, definitely had the highest
values of slenderness when related to diameter losses.
One of the interesting aspects of the functioning of the timberline ecotone is the relative
importance of various groups of factors in different localities. The timberline on the north
slope of Babia Góra Mt. is apparently shaped
by forces associated with steep topography:
avalanches, rockfall, and landslides. Trees
growing in the timberline ecotone are relatively high, with narrow, rather regular crowns.
The influence of wind on tree height and tree
architecture is not obvious. Trees are not very
thick wide, and the stand is relatively dense.
Geographia Polonica 2015, 88, 2, pp. 103-113
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These features suggest that the age of the
spruce growing on the north slope is probably
not very high. Similar situations like that of the
trees growing at the timberline on the north
slope of Babia Góra Mt. that are younger than
trees growing in the tree stands at lower elevations – have already been described in the literature (Zientarski 1978; Bednarz et al. 2002)
In the south-west slope, where the timberline
reaches much higher elevations, forces associated with topography play a minor role. Climatic factors, especially wind, shape the tree
architecture and restrict the height-growth
of the spruce.
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