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Summary: The aim of  this study was to analyse recent treeline fluctuations in central Norway to estimate the influence of  
land use change and climatic change during the past decades. Four study areas were chosen along steep oceanic-continental 
gradients in central Norway, representing different climatic regions. The analysis was performed using a combination of  
landscape-ecological, dendroecological, remote sensing and human-geographical methods. Treeline alterations were ana-
lysed by correlating climate change signals and spatial land use changes. All study sites showed a spatial expansion of  forest 
fragments within the alpine treeline ecotone but little regeneration above the recent treeline. We found that intensive his-
torical land use by logging and grazing had decreased the treeline at the beginning of  the 20th century. Recent regeneration 
was found, mainly due to land use extensification. Climate analysis indicated warmer and moister conditions over the past 
decades. We found that these changes were restricted to the winter months, only. Furthermore, regeneration occurred on 
plots formerly disturbed by heavy grazing pressure or cryoturbation. Climatic change during the past decades had no effect 
on treeline fluctuations. The most decisive driving forces for treeline fluctuation and regeneration were changes of  land use 
intensity. On the one hand, grazing pressure was the initial trigger for the expansion of  forest fragments within the treeline 
ecotone. On the other, high grazing intensity combined with other land use practises caused stable stages of  depressed 
treelines.

Zusammenfassung: Ziel der Studie war es, eine Analyse der aktuellen Fluktuationen der Baumgrenze in Mittelnorwegen 
vorzunehmen, um die Einflüsse von Landnutzungs- und Klimawandel auf  die Baumgrenze in den letzten Jahrzehnten ab-
zuschätzen. Vier Untersuchungsgebiete wurden entlang eines ozeanisch-kontinentalen Klimagradienten in Mittelnorwegen 
ausgewählt. Die Studie wurde mittels einer Kombination landschaftsökologischer, dendroökologischer, fernerkundlicher 
und humangeographischer Methoden durchgeführt. Die Veränderungen der Baumgrenze wurden mit Klimasignalen und 
Landnutzungsdaten korreliert. In allen Gebieten zeigte sich eine Ausdehnung bestehender Waldfragmente innerhalb des 
Baumgrenzökotons; eine Ausdehnung über den Bereich der bestehenden Baumgrenze hinaus war allerdings nicht festzustel-
len. Es zeigte sich, dass intensive Landnutzungsformen wie Holzeinschlag und Beweidung zu Beginn des 20. Jahrhunderts 
zu einer Absenkung der Waldgrenze geführt haben und dass die gegenwärtig zu beobachtende Ausdehnung der Waldbe-
stände vorzugsweise auf  eine Extensivierung der Landnutzung zurückzuführen ist. Eine Analyse vorliegender Klimadaten 
zeigte einen Trend zu insgesamt wärmeren und feuchteren Verhältnissen im jährlichen Mittel. Eine genauere Betrachtung 
erbrachte jedoch, dass diese Entwicklung lediglich auf  Veränderungen in den Wintermonaten zurückzuführen war. Einen 
Einfluss der Klimaveränderung auf  das Baumgrenzökoton konnte von uns nicht festgestellt werden. Die Regeneration 
der Baumbestände war nahezu ausschließlich auf  Areale begrenzt, die vormals erheblichem Weidedruck ausgesetzt waren 
oder durch Kryoturbation eine Zerstörung der zusammenhängenden Vegetationsbedeckung aufwiesen. Folglich ist davon 
auszugehen, dass die Veränderungen in erster Linie mit veränderten Landnutzugsmustern zusammenhängen. Hat die Land-
nutzung in den vergangenen Jahrhunderten zu einer Depression der Waldgrenze geführt, so ist die intensive vormalige 
Landnutzung und die abnehmende Intensität der Nutzung in den vergangenen Jahrzehnten die Ursache für die Ausdehnung 
der Waldbestände.
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1 Introduction

Due to their climatic limitation, treelines especially 
in the northern hemisphere are regarded as an impor-
tant ecotone to investigate effects of  global warming on 
terrestrial ecosystems (e.g. Rupp et al. 2000; WAltheR et 

al. 2002; gRAce et al. 2002). Despite uncertainties in 
terms of  a possible time delay of  treeline responses to 
climate change, a climate-determined upward shift of  
the upper treeline was proven for the Swedish Scandes 
and the Urals (KullmAn 2002; mOiseev and shiyAtOv 
2003). Although an almost global trend of  increasing 
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temperature can be observed (hOughtOn et al. 2001; 
IPCC 2007), regional climate changes are much more 
relevant for ecological processes (OstendORf et al. 
1999) since climate change is expected to show differ-
ent characteristics in different climatic regions (sygnA 
and O’BRien 2001). It is supposed that these region-
al differences cause ambiguous treeline responses 
(dullingeR et al. 2004). Beside the influence of  cli-
mate, the role of  human impact as a superior factor on 
the vegetation structure in many mountain regions of  
the world has been stressed repeatedly (e.g. miehe and 
miehe 2000). In many regions, anthropogenically de-
limited treelines show great elevational shifts after the 
cessation of  a land use impact (hOltmeieR and BROll 
2005). For Norway, hOfgAARd (1999) emphasised the 
long-term and strong influence of  human activity on 
the alpine and subalpine belts. According to hOfgAARd 
(1997), this influence might be misinterpreted as a re-
sponse to climate change. Moreover, a lack of  observ-
able treeline response due to counteracting factors may 
lead to the conclusion of  climatic insensitivity (dAlen 
and hOfgAARd 2005). The importance of  multiple 
factor constellations determining treeline distribu-
tion is stressed by hOltmeieR (1974, 2003) and is ex-
pressed in many studies dealing with different treeline 
responses. Thus, we analysed the Norwegian treeline 
fluctuations during the past five decades in different 
climatic regimes with respect to the multiple factor 
constellation by incorporating numerous parameters. 
The compilation of  a comprehensive dataset is key 
to analyse which of  these parameters was responsible 
for the observed changes in forest cover and treeline 

fluctuations. Treeline nomenclature within this study 
accords with hOltmeieR (1974) who applied the term 
treeline to the transition zone from closed forests to 
the most advanced individuals of  the forest-forming 
tree species within the alpine belt, disregarding the ab-
solute height of  trees but their relation to the average 
depth of  winter snow pack.

In our study we investigate central Norwegian 
treeline fluctuations during the past five decades in 
different climatic regimes. We analyse the influence 
of  land use change and climatic change on the dy-
namics of  treeline fluctuation and mountain forest 
regeneration.

2 Materials and methods 

Within the central Norwegian study region, four 
study areas were selected along an oceanic-continen-
tal climatic gradient (löffleR et al. 2006). Figure 1 
presents the location of  the study areas and their al-
location to different climatic regions (mOen 1999).

Table 1 shows the characteristics of  the four 
study areas. According to the oceanic-continental cli-
mate differentiation and a subsidiary mountain mass 
elevation effect, Betula pubescens spp. czerepanovii domi-
nated treelines rise from app. 700 m at Bergsdalen in 
the western part to app. 1,050 m a.s.l. at Vågå in the 
eastern part of  the study region. Local parent rock 
materials differ in origin but show similar acid-silicate 
chemistry. Slope angles and expositions vary region-
ally. A comparison between the potential forest limit 

Fig. 1: Location of the study areas and the distribution of climatic regions (after Moen 1999).
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that is based on the assumption of  a climatic limita-
tion (AAs and fAARlund 2000) and recent treeline po-
sitions show that all studied treelines are suppressed 
in altitude. Photos 1 to 4 give an impression of  the 
recent situation and characteristics of  the investigated 
treeline ecotones in the four study areas.

The analysis of  treeline fluctuations during the 
past decades comprised a bitemporal aerial photo 
interpretation that was completed by dendroecologi-
cal investigation about the age structure of  the forest 
stands. We reconstructed and analysed climate vari-
ations as well as current and past land use and land 
cover changes. Vegetation mapping and statistical 
analysis of  plant species and underlying environmen-
tal parameters served for an evaluation of  ecological 
properties that are necessary for the regeneration of  
the Scandinavian mountain birch Betula pubescens ssp. 
czerepanovii (hereafter referred to as Betula pubescens). 
The analysis of  the regeneration potential under lo-
cal ecological properties is essential to determine 
the potential for changes of  treeline distribution. In 
this study we used ordination techniques that are es-
tablished and effective to evaluate these ecological 
properties considering multiple factor constellations 
along gradients and are useful to illustrate differences 
among species.

2.1 Bitemporal aerial photo interpretation

Treeline fluctuations were delineated using bitem-
poral aerial photo processing. Limited by the availabil-
ity of  aerial photos of  the study areas, latest photos of  
1992 to 1994 were compared with earliest photos ex-
isting (Vågå 1964, Geiranger 1976, Gudmedalen 1969, 
Bergsdalen 1972). Scales of  aerial photos differed from 
1:15,000 to 1:40,000. Aerial photos were transformed 
into orthophotos using a digital elevation model with 

a resolution of  25 m. Forest fragments, solitary trees 
and woodless areas were categorised. A threshold of  
100 m2 was used to distinguish between an accumula-
tion of  solitary trees and forest fragments.

2.2 Climate data analysis

Long-term meteorological data for the differ-
ent study areas were provided by the Norwegian 
Meteorological Institute (DNMI 2004). The nearest 
meteorological stations were selected with maximum 
distances of  app. 50 km to the study areas. Except 
for the easternmost climate station, all other stations 
are located in valley floors. Due to limited operat-
ing time of  these stations, the analysed period only 
covers 31 years (1966–1996). To analyse the magni-
tude of  climatic trends we used Sen’s slope equation 
(sen 1968) and tested significances by applying the 
non-parametrical Mann-Kendall-Test (mAnn 1945; 
KendAll 1970). Calculations of  precipitation and 
temperature trends are based on monthly means us-
ing MAKESENS (sAlmi et al. 2002).

2.3 Investigations of  land use changes 

To obtain data about land use changes in the four 
study areas, inquiries and interviews were accom-
plished according to löffleR et al. (2004). Inquiries 
resulted in information about type and intensity of  
past and present land use. Official statistics provid-
ed quantitative data about past and present numbers 
of  grazing animals and numbers of  mountain sum-
mer farms. Additionally, local farmers and landown-
ers were questioned about land use changes, using a 
qualitative, informal and semi-structured approach 
(lundBeRg 2002). 

Table 1: Characteristics of the four study areas. The mean annual temperatures according to DNMI (2004) were converted 
to sea level by applying a temperature lapse rate of 0.6 K/100 m; annual precipitation according to Aune (1993) and parent 
rock material according to SigMond et al. (1984); climatic forest limit according to AAS and FAArlund (2000)

Location
Position

[lat./ long.]

Mean
annual 

temperature
[°C]

Annual 
precipitation 

[mm]

Altitude of 
treeline 
position
[m a.s.l.]

Potential
climatic 

forest limits 
[m a.s.l.]

Slope 
angle of 
location

[°]

Exposition Parent rock

Vågå
N 61°  53'
E 9° 15'

5.5 300 – 500 925 – 1,050 1,125 9 S Phyllite

Geiranger
N 62° 03'
E 7° 15'

7.0 1,500 – 2,000 750 – 880 900 39 SE Gneiss

Gudmedalen
N 60° 45'

E 7° 5'
6.1 1,500 – 2,000 950 – 1,030 1,050 17 W Manganite

Bergsdalen
N 60° 30'
E 5° 50'

5.65 3,500 – 4,000 600 – 730 700 16 N Granite
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2.4 Dendroecological methods

Tree rings provide information about age struc-
ture and succession dynamics of  a forest site and can 
be used to reconstruct long-term climate changes as 
well as short-term stand disturbances (schWeingRuBeR 
1996). In each study area wood core samples were col-
lected from Betula pubescens trees of  different age class-
es to analyse the distribution characteristics along an 
elevation gradient. Trees with a trunk diameter above 
5 cm were cored at the trunk basis. Trees were drilled 
twice, parallel and perpendicular to the slope. The 
length of  the aslope trunk from the root to the drill-
point was recorded. From trees with a diameter below 
5 cm stem disks were taken at the trunk basis. The sam-
ples were fixed and polished in the laboratory before 
tree rings were counted using a stereo-microscope. In 
cases when the corer had not hit the pith, the number 
of  missing rings was estimated – based on the width 
and the curvature of  the innermost rings of  the core. 

2.5 Ecological mapping

In each study area representative sites were se-
lected comprehending a gradient from arboreous to 
non-arboreous areas. Ecotopes were delineated within 
each site and characterized following the concept of  

the landscape-ecological complex analysis (mOsimAnn 1985; 
löffleR 2002). These ecotopes served as homoge-
neous strata in a stratified sampling design. The no-
menclature of  plant species was based on lid and lid 
(1994). Abundance of  plant species was estimated us-
ing a percentage scale of  coverage. Betula pubescens indi-
viduals were divided into juvenile trees/saplings (< 50 
cm height) and mature trees (> 50 cm height). The cov-
erage of  plant layers was estimated as to tree-, shrub-, 
grass-, herb-, moss-, and lichen-layers. Moreover, soil 
profiles were dug out and soil horizon thicknesses and 
combinations were documented. The pH-value was 
measured in H2O and CaCl2 in the field using a volu-
metric sample-liquid proportion of  1:2.5. Soil moisture 
(0–15 cm depth) was measured with a TDR-sensor (un-
calibrated). The height of  the winter snow cover was 
estimated using the occurrence of  snow lichen Pamelia 
oliviana (hOltmeieR 1974) on the tree stems.

2.6 Statistical analysis

Direct ordination analysis was used to correlate 
species abundances with environmental parameters to 
define ecological niches of vegetation types and plant 
species. The environmental parameters and their un-
derlying ecological gradients were weighted according 
to their importance in explaining species dispersion 

Table 2: Significant environmental parameters used to analyse species distribution patterns in the ordination analysis. 
Abbreviations (abbrev.), type of parameter (metric or ordinal) as well as the minimum and maximum values are sum-
marized

parameters abbrev. type min. max.

topography
exposure EXP metric -1 1

relative altitude ELEV metric -130 347

vegetation structure
forest F ordinal

sigle tree ST ordinal

soil parameters
soil moisture SM metric 15 80

climatic parameters
annual mean tem-
perature T_Ymid metric 1.3 6.65

mean of three 
warmest month JJA metric 10.9 14.08

annual precipita-
tion sum PRECIP metric 548 1280
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using canonical coefficients. To estimate the variance 
of the data set a detrended correspondence analysis 
(DCA) was calculated. Due to a variance of more than 
two standard deviations, a canonical correspondence 
analysis (CCA) was performed. Results were graphed 
in an ordination diagram presenting important types 
of information: position of species (triangles) and sites 
(squares), nominal environmental parameters (circles), 
and length and direction of quantitative determinant 
vectors (arrows). 

The position of a species was arranged accord-
ing to the inter-species relationship and its relations 
to ecological gradients involved (teR BRAAK 1986, 
1994; JOngmAn et al. 1997). 218 species in 106 plots 
and 10 additional environmental parameters were 
used. In total 14 parameters were analysed, 10 sig-
nificant parameters were used (Tab. 2). Expositions 
values were cosinus-transformed. Land use intensity 
(LUI) was assessed by means of land use data of the 
area, excrement frequency of grazing animals at the 
plot scale, and further marks of grazing pressure 
(e.g. trampling pits). Due to climate differences be-
tween the study areas a relative altitude (ELEV) had 
to be used instead of the absolute altitude. Relative 
altitudes resulted from the difference between cur-
rent and potential climatic treeline, which was de-
termined according to AAs and fAARlund (2000). 
A Monte Carlo permutation test was run with 499 
permutations to select significant environmental 
parameters (p ≤ 0.05). We focussed on inter-spe-
cies-distances and used a biplot scaling. The statis-
tical analyses were realized using Canoco 4.5 (teR 
BRAAK and ŠmilAueR 2002). Moreover, the distribu-

tion of Betula pubescens juveniles was analysed using 
plant layer coverage. We tested the significance ap-
plying a T-test of means with SPSS-software (SPSS 
Inc, Chicago, Illinois).

3 Results

3.1 Vågå

The bitemporal aerial photo interpretation 
(1964–1992) shows a slight increase of forest frag-
ments. They are concentrated in formerly open areas 
within the existing forests, along the road and near 
a former summer farm (Suppl. I, upper left). Only 
a few newly established solitary trees can be traced 
above the former treeline. The age structure of the 
trees includes all age classes and does not show any 
trend with altitude. The mean tree age is 69 years. 
The study area Vågå was extensively grazed by sheep 
(21–25 animals per km²) and a few cattle (15 in to-
tal) during the past approx. 20 years at least. Sheep 
and cattle grazing were only practised as sideline 
farming for cultural reasons. In contrast, heteroge-
neous livestock patterns occurred in the beginning 
of the 20th century when the total number of sheep 
was five times lower than recently, but the numbers 
of cattle and goats were much higher. In addition, 
the practises of pollarding, foliage harvesting and 
cutting of wood in an ‘incorrect’ and ‘careless’ way 
caused a higher impact of man on the treeline at 
that time. The climate data show positive trends of 
annual mean temperature (+0.03 K/y, p > 0.1) and 

Photo 1: Impression of  the treeline in the study area Vågå, characterized by gentle slopes and a wide treeline ecotone at 
around 1,050 m a.s.l. (August 2002)
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precipitation (+4.02 mm/y, p = 0.05) during the last 
decades. The analysis of monthly climate data re-
veals that these positive trends are mainly the result 
of increasing winter temperatures and increasing 
winter to spring precipitation (Suppl. I, upper left).

3.2 Gudmedalen

The comparison of the aerial photos 
(1976–1992) reveals differences in tree coverage be-
tween the northern and the southern slopes (Suppl. 
I, lower left). The northern slope remained almost 
unchanged. In contrast, the southern slope expe-
rienced remarkable treeline fluctuations character-
ised by extensive propagation of trees. Tree recruit-
ment on the south slopes occurred almost exclu-
sively between formerly isolated individuals. Two 
age classes can be distinguished, consisting of old 
trees (mean age 127 years) and young trees (max. 
47 years), respectively. As found by enquiries both 
sides were cultivated differently. The northern part 
of the Gudmedalen valley was grazed continuously 
by approx. 300 goats. In contrast, the southern part 
was affected by a clear-cut in the 1930s with ex-
ception of some isolated trees. Moreover, approx. 
80 sheep were pastured on the southern slope un-
til abandonment of the summer farm in the 1960s. 
Climate trend analyses indicate an increase of an-
nual mean temperature (+0.03 K/y, p = 0.5) and 
precipitation sum (+5.28 mm/y, p = 0.05). Again, 
intra-seasonal temperature and precipitation trends 
only show a significant increase during the winter 
months.

3.3 Geiranger

Results from aerial photo processing (1972–1993) 
show an increase in the number of forest fragments 
and solitary trees (Suppl. I, upper right). Little 
treeline change happened in this study site. Clearly 
visible changes occurred mostly in the lower parts 
of the treeline ecotone that have been formerly used 
as grassland and the establishment of many solitary 
trees in the surrounding of the summer farm. The 
mean age (46 years) of all sampled trees is signifi-
cantly younger than in the other study areas. The 
mean and maximum tree ages in formerly cultivated 
areas are 27 and 34 years respectively. No age trend 
with altitude is visible. Rivers and topography isolate 
the grazing area from other grazing grounds within 
the valley. Before the 1960s, the study site was con-
tinuously used as summer grazing ground. The farm 
consisted of a main building in the valley floor at 
430 m a.s.l., while the summer farm was situated at 
630 m a.s.l. in an avalanche-sheltered position. As 
found by questioning approx. 25 dairy cattle were 
kept throughout the summer. After the 1960s a shift 
to sheep keeping with approx. 120 animals led to an 
abandonment of the summer farm. Since 2000, the 

Photo 3: The treeline in the study area Geiranger at approx. 
900 m a.s.l. is shown in the front view (July 2003)

Photo 2: Single standing mature trees are predominant at 
the recent treeline at the study area Gudmedalen at 1,050 m 
a.s.l. (August 2003)
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main farm is not used any more in the traditional 
way, but serves as a camping ground. Climatic trends 
show an increase of annual mean temperature (+0.01 
K/y, p = 0.01) and annual precipitation sum (+4.19 
mm/y, p = 0.05). The monthly climate data indicate 
that both trends are caused by rising temperature and 
precipitation during the winter months only (Suppl. 
I, upper right). 

3.4 Bergsdalen

Little differences between 1974 and 1993 are dis-
played by the comparison of the aerial photos (Suppl. 
I, lower right). These differences are restricted to 
areas within the treeline ecotone and along linear 
structures of pre-existing forest fragments. These 
are located parallel to the slope and along rock out-
crops, whereas plain areas are devoid of trees. The 
ecotone is characterised by relatively old trees (mean 
age 84 years) that show stunted growth forms and 
very small annual increment rates.

The study area has been used since the begin-
ning of the past century. Exact data are available 
since 1965. The development of livestock numbers in 
the study area is reconstructed on annual data based 
on the farm level (Suppl. I, lower right). Numbers of 
sheep and cattle increased slightly since the 1960s. 
Unfortunately, it is not possible to estimate the current 
number of livestock in the study area. As an adapta-
tion to insufficient grazing ground, a specific form of 
land use developed in this region: during summers, 
sheep are brought from farms along the near coast 
to the study area in the Scandes Mountains. The 
number of these sheep exceeds the number of local 

sheep by up to three times but fluctuated from year 
to year (Suppl. I, lower right). According to a local 
administrator these numbers have to be considered 
as minimum numbers. The analysis of climate data 
showed the same patterns as in all other study areas. 
We found an annual increase of temperature (+0.02 
K/y, p < 0.1) and precipitation (+7.97 mm/y, p = 
0.1). Seasonal temperature and precipitation trends 
showed a significant increase only during the winter 
months.

3.5 Spatial distribution of  vegetation with spe-
cial emphasis on birch regeneration

A direct gradient analysis of 106 vegetation plots 
and 218 plant species was performed with all envi-
ronmental parameters exceeding a significance level 
of 0.05 (Fig. 2). Due to the unimodal distribution 
with an intra-set inertia of 10.782, a canonical cor-
respondence analysis was conducted. Eigenvalues 
of the first four axes explained 12.4% of the species 
data (2). Figure 2 presents an ordination diagram 
with 95% of species best correlated due to graphical 
reasons. The results of the permutation test showed 
a strong correlation of species distribution with cli-
matic conditions (temperature: T_Ymid, JJA; and 
precipitation: PRECIP). As indicated by the length 
of the explanatory vectors, snow coverage, soil mois-
ture, land use intensity, and relative altitude are im-
portant as to the total inertia, too. LUI is positively 
correlated with altitude, expressing a similar effect 
of grazing and altitude. SM and EXP are statistically 
important vectors and have explanatory power for 
a few species. SC is important concerning the dif-
ferentiation of chionophilous and chionophobous 
species. Alpine lichen species are characterised by 
lower soil moisture and very thin snow cover (Fig. 2, 
lower left corner), lowest annual mean temperature 
and lowest precipitation sum, as well as higher LUI. 
Subalpine plant species are characterised by medium 
soil moisture, thick snow cover, oceanic climate, low 
altitudes, as well as low LUI (Fig. 2, lower right cor-
ner). Mire plant species are characterised by higher 
soil moisture, oceanic climate, lower altitudes and 
intermediate LUI (Fig. 2, upper right). Focussing 
on the distribution of Betula pubescens in the ordina-
tion diagram, both juvenile and mature trees (boxes) 
are assigned to different parameter combinations. 
Mature Betula pubescens trees correlate with decreas-
ing altitude, low land use intensity and forest. In 
contrast, the occurrence of Betula pubescens juveniles 
is positively correlated with high land use intensity 

Photo 4: Polychromic Betula pubescens individuals at 700 m 
a.s.l. form a shrublike cover in the extremely oceanic study 
area Bergsdalen (August 2003)
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and wet conditions. In summary, both age classes 
show similar ecological distributions but differences 
concerning the dominant forcing factors for their 
occurrence.

Detailed mapping of vegetation reveals that the 
current regeneration of Betula pubescens is restricted 
to wet depressions and micro-relief upper slopes. 
Nearly no regeneration occurs within the forests 
and we found most Betula pubescens juveniles on heav-
ily disturbed sites (Photo 5). Statistical analyses re-

vealed that the abundance of Betula pubescens juveniles 
showed a significant reduction beneath trees and an 
increase of open ground plots simultaneously (all p 
≤ 0.05, Fig. 3). Moreover, the occurrence of the ju-
veniles tends to lower density of shrub layers. Betula 
pubescens regeneration occurs mainly on bare ground 
or wet plots with light conditions.

Fig: 2: Ordination diagram of  a canonical correspondence analysis (CCA) using all 106 plots, 218 plant species and 8 signifi-
cant (p ≤ 0.05) environmental parameters (bottom right). Due to the focus on species-environmental relations and graph 
visibility, only the 95 % best correlated species and the 8 significant environmental parameters are graphed. Statistical report 
of  the performed CCA (bottom left) and significance levels of  environmental parameters used (bottom right) are provided
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4 Discussion 

Our results show that the treeline ecotone in 
central Norway is characterised by an increase in for-
est fragments and solitary tress during the past dec-
ades. During this period, annual mean temperature 
increased in all study areas investigated. Considering 
the postulated effects of global warming on treeline 
fluctuations in general, such forest expansions have 
often been interpreted as direct effects of increas-
ing annual temperatures (e.g. ROchefORt et al. 1994; 
gRAce et al. 2002; KullmAn 2002). Our analysis of 
monthly climate data shows that positive tempera-
ture trends are restricted to the winter months. A 
more detailed description is given by RössleR and 
löffleR (2007). føRlAnd et al. (2000) found simi-
lar results regarding the climatic trend since 1876. 
A wealth of studies provides evidence that at the 
treeline, Betula pubescens is mainly influenced by 
summer air temperatures (i.e. AAs 1964; tuhKAnen 
1980; OdlAnd 1996). Recent studies emphasise the 
determination of alpine treelines by low soil temper-
atures (KöRneR 1999; KöRneR and pAulsen 2004), 
which most likely influence birch regeneration via 
the limitation of nitrogen uptake (KARlssOn and 
Weih 2001). In our study regions, summer tempera-
tures did not change significantly over the last dec-
ades. On the other hand, the rising winter tempera-
tures did not prolong the vegetation period during 
the same period. Thus, the observed treeline fluc-
tuations cannot be interpreted as a consequence of 
climatic change. 

The studied alpine treelines in central Norway 
are heavily influenced by human activity. Land use 
change results either in a suppression or a rise of 
treelines. These results correspond to findings re-
ported in the literature (AAs and fAARlund 1995; 
hOfgAARd 1997, 1999; OlssOn et al. 2000; BRyn 
and dAugstAd 2001; löffleR et al. 2004). Except 

for the Bergsdalen study area, the detected land use 
changes follow a general trend found in Norway. In 
the beginning of the past century, land use inten-
sity was higher than today due to summer farming, 
firewood collecting and grazing. This resulted in 
a high but spatially heterogeneous pressure on the 
treeline ecotone (AAs and fAARlund 1995). Because 
of the introduction of modern forest management 
concepts and the cessation of summer farming, this 
pressure decreased during the past decades and ena-
bled the regeneration of birch. AAs and fAARlund 
(1995) described a rapid dispersion of Betula pubes-
cens into former summer farm areas as a response to 
land use changes. This behaviour is also typical for 
the investigated areas in our study. Moreover, our 
results reveal that the local treelines investigated 
never exceeded the potential climatic treeline dur-
ing the past century, although mature trees assur-
ing seed dispersal existed during the past decades. 
The recent development at the central Norwegian 
treeline has to be mostly interpreted as an extensive 
infilling-effect resulting from land use abandon-
ment. This effect is reported recently to be one ma-
jor dynamic present at the treelines in the Swiss alps 
(gehRig-fAsel et al. 2007). 

According to ARnO (1984) an upward shift of 
depressed treelines depends on a series of beneficial 
factors: the production of fertile seeds, suitable mi-
cro-climatic conditions for seedling establishment 
and sufficient numbers of suitable sites for germina-
tion. Tree establishment rates depend mainly on the 
number of suitable germination plots (hOltmeieR 
et al. 2003) or on browsing intensity (löffleR et 
al. 2004). Betula pubescens as a pioneer species ger-
minates quickly and colonises open ground success-
fully (KinnAiRd 1974). Moss cushions and short 
grasslands are suitable for birch regeneration, due 
to sufficient light benefit (KinnAiRd 1968; miles 
and KinnAiRd 1979a, b), whereas forests and dense 

Photo 5: Typical situations for Betula pubescens regeneration. Left: boggy micro-mount. Centre: disturbance due to trampling 
on an upper slope. Right: trampling pit in a wet depression (August 2003)
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dwarf-shrub heaths hinder regeneration due to insuf-
ficient light conditions (KinnAiRd 1974; hOltmeieR 
1974) and heavy competition (BeRKOWitz et al. 1995; 
hOBBie and chApin 1998). Our results confirm these 
former studies by ordination of ecological niches of 
birches and correlation with the coverage of plant 
layers.

Available sites for birch regeneration provide sub-
optimal growth conditions, since upper slopes and 
ridges are characterised by harsh snow-free winter 
conditions where birch seedlings struggle to survive 
(hOltmeieR 1974). Moreover, seedlings in wet de-
pressions suffer from a deficit in nutrient supply and 
from high soil moisture (miles and KinnAiRd 1979a). 
Hence, optimal ecological niches of Betula pubescens are 
situated on the slopes where most of the mature trees 
presently grow. But these niches are also favoured by 
dwarf-shrubs which hamper the regeneration of Betula 
pubescens. Thus, we argue that the disturbance of the 
dense dwarf-shrub vegetation by trampling and brows-
ing of grazing livestock is a necessity for fast regenera-
tion of the treeline. Finally, grazing pressure has to be 
interpreted as an ambivalent parameter enabling the 
regeneration of birch on the one hand and suppression 
of juvenile trees by browsing on the other hand.

5 Conclusions

Coming back to the initial focus of  this study, 
whether climate change or land use changes can be as-
signed as the superior driving force explaining the ob-
served alpine treeline changes in central Norway, we 
conclude that land use changes during the past dec-
ades were of  far greater importance for treeline alter-
nations than climate change. Our regional findings are 
in accordance with results of  comparable studies in 
other mountain regions of  the world that proved the 
superior impact of  human activity on treeline changes 
(messeRli and ives 1984; WARdle 1991; messeRli 
and WinigeR 1992; hOfgAARd 1999; theuRillAt 
and guisAn 2001; schicKhOff 2005). Finally, we con-
clude that high grazing intensity combined with other 
land use practises caused stable stages of  depressed 
treelines. Changes in grazing pressure were the initial 
trigger for the expansion of  forest fragments within 
the treeline ecotone in all our study areas. During the 
past decades, climate change had no obvious effect on 
treeline fluctuations. This conclusion is in line with a 
recent study by dAlen and hOfgAARd (2005) from 
other parts of  Norway. So, claims that research on cli-
matic change response including field monitoring and 

Fig. 3: The boxplot-diagram illustrates the influence of  the mean coverage of  different vegetation layers and open ground 
areas of  all 106 investigated plots on the occurrence of  Betula pubescens juveniles
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satellite image analysis should focus on undisturbed 
treelines (hOltmeieR and BROll 2005) seem difficult 
to be conducted in mountain regions that have experi-
enced a long history of  human land use, because this 
accounts for almost all mountain systems of  the old 
world. The identification of  “natural” treelines would 
have to include careful investigation concerning the 
local land use history in the treeline ecotone.
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