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ABSTRACT

The alpine and arctic treelines are results of longterm processes involving adaptation to a cold climate with
environmental stress, and with low soil temperatures and nutrient uptake rates. Global warming and changed land
use as a result of changes in global economy and agricultural policy may interfere with the treeline changes. The
global warming is expected to enhance tree growth and seed reproduction, thereby increasing treeline altitudes and
latitudes. Expansion of the forested area as a result of reduced logging and grazing would also reduce the albedo
and enhance global warming in treeline areas. Feedback effects caused by increased soil temperatures and related
output of greenhouse gases is expected to further increase global warming and treeline advance. On the other hand,
local disturbance factors like increased risks of insect outbreaks, windthrow, grazing, anthropogenic disturbance and
paludification would reduce or interfere with these changes, or even lead to a retreat of treelines. These limitations
have to be taken into account when evaluating treelines as climatic indicators.
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INTRODUCTION

The circumpolar treelines and corresponding forest lines between
the northern boreal forest, or taiga and the treeless tundra is
probably the most important vegetation transition on the northern
hemisphere. Paleobotanical studies indicate that the subarctic
and subalpine tundra and the transition zone between the tundra
and boreal forest in the past have been unstable ecosystems that
are likely to be strongly affected by future climate and land use
changes [1,2]. According to Aas [3] and Aas and Faarlund [4,5] a
forest is defined as a stand of more than 30 trees where the distance
between individual trees is <15 meter. A tree is defined here as an
individual of >2.5 meter height, while e.g. Kullman [6] preferred
a minimum tree height in birch of 2 meter, and is supported by
Holtmeier [2] and Korner [7]. The forest line or timberline (Figure
1) is mainly a seed maturation limit, where viable seeds may be
dispersed from their mother trees from below the forest line and
develop into trees further upward and northward, but restricted by
the arctic and alpine treelines (Figure 1) where vegetative growth is
the limiting factor [8-10]. The definition and relationship between
treelines and forest lines is illustrated in Figure 1. According to
Kullman [6] tree height is strongly influenced also by the depth of
the snow cover, and for this reason a woody plant individual should
be defined as a tree already at 2 meter height or less. Mountain

and treeline areas exhibit part of the highest natural (genetic) as
well as cultural diversity. Many species are strongly adapted to a
harsh environment and seasonal stress, and they are vulnerable to
disturbances and fast environmental changes [11]. Specific changes
in transition zones (ecotones) therefore depend on the frequency,
impact and duration of these environmental changes. However,
as a result of the recent global warming and changed land use
practise, an increase in circumpolar treeline altitudes and latitudes
has already been observed (e.g. from the Canadian Subarctic [12-
15], from Fennoscandia [16,17] and from the Russian Subarctic
[18-21]. The latitudinal treelines are usually much more influenced
by local factor, e.g. topography and local climate, than altitudinal
treelines [15,17,22]. A number of review articles have also been
published on this topic, e.g. Grace et al. [23], Skre et al. [1], Payette
et al. [24], Holtmeier [25], Holtmeier and Broll [26,27], Bryn and
Pothoff [28], Cudlin et al. [29]. Based on these results, it may be
hypothesized that changes in treeline position to a certain degree
may be used as indicators of global warming on a regional scale [30].
These ecosystems are sensitive to climate changes in many ways,
such as higher temperatures and longer growing seasons, moving
treelines north- and upwards while fastgrowing and competitive
species and ecotypes are replacing counterparts adapted to the
cold. However, the speed of the treeline advance is to a high degree
dependent on the growth rates of seedlings and the length of the
juvenile period [31].
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The treeline is also affected by land use changes, and in fact, forest
cover in Europe has increased over recent decades as a result of
abandonment of farmland, influenced by the complex interactions
within the coupled human - environment system. Holtmeier and
Broll [32] as well as Ameztegui et al. [33], Bryn [34] and Rossler
et al. [35] stressed the importance of reforestation or regrowth
after abandonment of grazing and logging as an important driving
force of treeline change. The related transitional ecosystems (i.e.
low-alpine tundra ecosystem and subalpine forests) would rapidly
degrade unless bestmanagement practices, conservation and
preventative measures are promoted. Such changes also affect
biodiversity and human uses, and understandings of mountain and
treeline ecosystems and landscapes. Treelines are also important
for biodiversity and ecosystem services, soil formation and slope
stability, water retention and quality and as habitats and corridors

for many species [36].
CLIMATE AND GROWTH

Reviews of earlier papers concerning limiting processes for
growth in northern areas indicates that winter as well as summer
temperatures are important controlling factors, through their

Riisitunturi

Profile from forest (250 m) to the summit (470 m) just above

the treeline, with spruce, pine and birch limits.

pine

OPEN 8ACCESS Freely available online

effects on growth, nutrient uptake rates and seed production
[37,38]. Although the arctic and alpine tree- and forest lines are
considered sensitive indicators of vegetation response to climate
change [25,36] and other disturbances, there is not a generally
accepted single hypothesis that explains tree- or forest line position
and pattern at multiple scales [7,39].

Growth limitation hypothesis

Recently a set of differing hypotheses has been proposed for
tree- and forest line explanations [7,30], separating the drivers of
tree line formation into two categories: modifying (regional) and
fundamental (global). These include the stress hypothesis, the
disturbance hypothesis, the reproduction hypothesis, the carbon
balance hypothesis, and, finally, the growth hypothesis, and they
are mainly driven by climatic changes. The reproduction, stress and
growth hypothesis may be combined into three main factors [37].

Reproduction limitation: Low air and soil temperatures, retarded
shoot growth and too short growing season for seed and bud

development [40,41].

Growth limitation: Low soil temperatures that are lowering the

Tree limit (>2 m height) = limit for
growth and survival

Regeneration from seeds and clones of spruce with
vegetative reproduction (“krummholz™) under
snow cover. Freezing and drying stress and
mechanical damage by wind and ice pressure.

Forest (<15 m distance) limit = seed maturation limit.
spruce tq> 10.5°C

> 11.0°C

birch t.> 8.8°C

Figure 1: Profile through one of the Finnish Treeline Monitoring sites (Riisitunturi) at 66°N with spruce as dominant tree species (cf. Skre and Laine
[37]). The profile is extending from the spruce forest (250 m) to the summit (470 m), just above the treeline. The seed maturation limits in terms of mean
temperatures (tetratherms) during the four warmest months a year (t4) are shown for mountain birch (Betula pubescens ssp. czerepanovii), Norway spruce

(Picea abies) and Scots pine (Pinus sylvestris), according to Kujala (1927), Mork (1933) and Aas [3].
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Figure 2: Root nitrogen uptake rates for mountain birch seedlings grown under experimental conditions for one season in Abisko, northern Sweden.
Two fertilizer levels were used on seedlings grown in artificial soil, Low (25 uM with respect to N) and High (100 uM). Seedlings grown in organic soil
(Org.) were supplied with distilled water only. Redrawn from Karlsson and Nordell [43].
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decomposition rates, microbial respiration and root respiration
(Figure 2), thereby decreasing root growth and nutrient uptake

(42,43].

Stress limitation: Frozen soil combined with radiation and strong
winds in early spring leading to damages caused by freeze drying,

i.e. chlorophyll breakdown [44].

Hustich (1979) [9] combined all these factors into the “climate
hazard” coefficient to indicate northernness in the stress to which
the treeline forests are subjected. However, comparative studies e.g.
by Skre and Laine [37], Karlsson and Nordell (1996) [43] and Korner
(2012) [7], see also Chapin [42] indicate that the most important
limiting process for vegetative growth at treeline probably is the
active uptake of nutrients (P, N) in roots, i.e. the growth hypothesis.
This process, as well as the decomposition rates of nutrients in soil
by microorganisms, has been shown to be strongly temperature-
dependent (Figure 2). Winter stress and seed and bud development
rates are modifying factors, where e.g. high seed reproduction
rates would increase the chances of seedling survival, and winter
conditions would influence on the survival. The mentioned
studies therefore seem to support the “climate hazard” hypothesis
[1], where all three mentioned factors are involved, but where the
growth hypothesis is the most important.

Climatic limitation and adaptation

When looking at the northern (arctic) circumpolar treeline, it may
be considered as a result of a long-term adaptation to ecological and
environmental factors (drivers). At a large scale, the arctic treeline
seems to be mainly a result of the “climate hazard” factor [11]
including seed reproduction and freezing stress. Lack of propagules
(viable seeds and/or buds) is a probable reason for the abscense
or low density of trees at the tundra/taiga boundary. However,
individual clones of trees, e.g. Norway spruce (Picea abies) or
black spruce (P. mariana) may survive as vegetative “krummbholz”
individuals, by producing daughter individuals from layerings for
several hundred years, and eventually produce viable seeds as soon
as summer temperatures are high enough for seed reproduction [24].
These seeds may eventually lead to reforestation of treeline areas
(Figure 1) and increased treeline altitudes. In many cases there are
more favorable sites for seedling establishment around the treeline,
e.g. better light and nutrient conditions [11,45,46] than further
down in the forest, therefore the proportion of seedlings relative
to the total number of trees are highest at or above treeline [16].
Annual growth decreases with altitude across the treeline (Figure
2) as a result of reduced summer temperature and shorter growing
season. However, because of slow growth it may take many years or
even decades before new seedlings develop into trees. Trees with
long juvenile periods expand their ranges slowly, and community
level changes may be delayed for many decades [11,31,47-49].

Feedback effects

The low temperature and short growing season at the treeline is
closely correlated with tree performance. However, the presence
of trees and shrubs is also in itself creating favorable sites for
tree establishment. Treeline studies have documented that both
upright and krummbholz individuals of trees have large effects on
wind dynamics and snow distribution [50-52]. In other words, the
effect of trees on their environment may act as a feedback that
enhances conditions for other trees, and their own longevity [53].
Because of reduced wind speed inside a tree canopy, there will
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be less wind-induced needle damage and needle loss when other
trees are present [54]. Trees also decrease the albedo and canopy
roughness, thereby further increasing needle surface temperatures
[55]. However, increased competiton for nutrients may reduce
the positive feedbacks from a close canopy of trees, where often
also soil temperatures are lower than in adjacent unforested areas
outside the canopy [56]. Therefore, the explanations for reduced
tree performance across treelines have to consider the often density-
dependent influence of trees on their environment.

Another feedback occurs when trees move northward and/or
upward as a result of global warming. Ecosystem models [57,58]
predict a significant reduction of the tundra biome with large parts
being transformed into forests, especially in northern Eurasia.
This conclusion has been confirmed by other recent studies, e.g.
by Epstein et al. [59] using the BIOME4 and ArcVeg models to
predict the consequences of a +2 degrees temperature increase
on the circumpolar vegetation limits. They found a 55% increase
in the forested area up to 2060 - equivalent to 3 millions square
kilometers - and a corresponding 42% decrease in the Arctic
tundra, mostly in Eurasia. The models also predicted a succession
with time lags ranging from 100-150 years for tall shrubs and
considerably shorter time for mosses and prostrate shrubs. Other
studies based on space-fortime substitutions and past changes
of temperature and moisture are pointing in the same direction
[60,61]. The lowered albedo as a result of forest expansion, and
altered microclimate and hydrology may lead to increased soil
temperatures and decomposition rates and increased output of
greenhouse gases, which in turn is expected to lead to a feedback
effect on global warming [62]. However, thickening of sparse
treeline forests are also often resulting in more closed canopies
and soil cooling at treeline, with consequences for decomposition
rates and nutrient status [63,64]. These processes are also expected
to influence strongly on the position of arctic treelines, i.e. the
tundra/taiga boundary [65]. The northward tree migration may be
hampered by the development of peatlands, high permafrost levels
and unfavorable soil conditions. This development has already
taken place during late Holocene [1]. The global warming, however,
will probably lead to widespread melting of permafrost and release
of trace gases that are expected to increase global warming, soil
respiration and decomposition rates by feedback effects [66].

INTERACTIONS BETWEEN CLIMATE AND
LAND-USE

When evaluating treelines as indicators of climate change through
temperature limitations, there are a number of modifying factors
that has to be taken into account. Temperature changes strongly
affect soil decomposition rates and water level, and influence on
the radiation balance (albedo) by altering the positon of treelines,
i.e. the treeline in itself may have a feedback effect on global
warming [65,66]. Higher seed reproduction as a result of increased
summer temperatures [16] and lower grazing pressure is expected
to lead to an advance of the treeline ecotone [67], but the process
may take decades or even centuries [1,68]. According to de Wit
et al. [69], who modeled forest expansion for an estimated 2.6
degrees increase in summer temperature in 2100, birch forest cover
in south-central Norway in the abscense of land-use, is expected
to increase from 12 to 27% during the period from 2000 to 2100,
resulting in a 59% increase in biomass carbon storage and a change
in albedo from 0.46 to 0.30. The projected modeling study showed
that the warming caused by this lowered albedo from expanding
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forests was 10-17 times stronger than the cooling effect from carbon
sequestration, including all emission types. Reduced snow cover
further would amplifiy the feedback effect of lower albedo. It may
be noticed however, that the current (2000) forest line in this area
is about 100 meter lower than its climatic potential due to land-
use history. Climatic changes also affect local disturbance factors
like insect and fungus attacks, forest fires and windthrows, or a
combination of these factors [11,70]. Finally, the human impact
through logging, grazing, roadbuilding and mass tourism may
interact with climate changes on a local and regional scale.

Human interactions

Recently much attention has been paid to the expected global
warming as a result of increased output of greenhouse gases.
However, a substantial part of the observed rise in treeline altitudes
[4] is probably caused by a combination of global warming and
changed land use, e.g. reforestation after abandonment of grazing
[71-74]. In fact, recent studies indicate that most of the treeline
rise registered is caused by regrowth [33,34,69,75]. The changed
land use may partly be a result of changes in global economy and
agricultural policy [74]. Mountain ecosystems are a significant
reservoir of biodiversity in terrestrial ecosystems, partly because
the range of environmental variation and ecological gradients
facilitate great diversity of organisms, and human intervention
in mountain ecosystems is less intense than in lowlands [76]. The
retreat of the tundra/taiga transition zone towards higher altitudes
is related to an increased risk of extinction of high alpine species,
and a significant soil carbon release [77]. In fragmented landscapes
species that have intrinsically low population growth rates and
shortrange dispersal may be vulnerable to extinction and slow-
colonizing species have much lower patch occupancy than do rapid
colonizers [78]. Distance to reservoirs of propagules probably plays
an important role on the colonization of new areas and on the
recovery dynamic and soil factors [79-81]. There is probably also
increased chance of introduction of invasive species (animals and
plants), which alter the competition, and increased risks of diseases
and disturbance. Genes may be transferred between different
populations, and give rise to new ecotypes and races that are better
adapted to the environment than their origin. On the other hand,
global warming may also increase the frequency and intensity
of insect outbreaks [70], which could have dramatic effects. In
addition to temperature conditions, the recovery potential and
re-generation rates of different plant species depend on grazing
pressure and plant vitality, in particular on the survival rates of
young growth.

In some regions, changes in the economic market environment
have evoked changes in the traditional land use of mountain
regions. Agricultural expansion into marginal environments,
deforestation, recreation and mass tourism can lead to vegetation
and soil changes, changes in water balance and quality, erosion,
disturbance of animals and reduced visual and aesthetic value
of the landscape [82]. On the other hand, advance of subalpine
and boreal forests into tundra and alpine regions is also enhanced
by the abandonment of summer grazing [34,75], in consequence
of common agricultural policies [71]. Natural and traditionally
managed ecosystems are expected to be rapidly degraded unless
best-management practices are carried out, conservation and
preventive measures are enforced. In northern Russia, however,
heavy industrialization in the lesotundra transition zone as well
as increased logging and grazing pressure during the last decades
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have caused a retreat of the circumpolar treeline in some areas
[82,83]. This retreat is often connected to a combination of
massive output of sulfur dioxide from mining industry, cooling as a
result of deforestation and solid particle emission, and termokarst
formation as a result of water logging caused by permafrost melting.
Deforestation from increased logging, mining and oil exploration
activities has in turn reduced the reindeer grazing areas and caused
overgrazing in the remaining areas [84]. In addition climate-related
factors like fire and insect outbreaks (see Chapter 3.2), interact
with the land use changes, and the overall consequences are
breakdown of the locally-based economy and sustainability, and

reduced quality of life [82].
Local disturbance factors

Environmental fragmentation of mountain areas on a local scale
may be caused by a number of disturbances, both of natural and
anthropogenic origin. Examples of the first category are provided
by herbivores like insects or ungulates, and of the latter locally
generated by tourism exploitation like ski resort enterprises, by air
pollution, forest logging, mineral exploitation and over-grazing by
reindeer and sheep. Grazing by sheep and reindeer has formed the
tree line as well as the forest line in northern Norway [71,85,86],
and animals or insects may have modifying effects on treelines in a
variety of environments [39]. Insect herbivory that causes the death
of the trees is the most widely reported mode of animal activity,
and the effect of the autumnal moth (Epirrita autumnata) on birch
(Betula pubescens) has been widely studied in northern Sweden
and Finland. The Epirrita eggs will not survive in the winter buds
at temperatures below -35°C [70], hence the global warming may
have increased their survival rates. Further, after the Epirrita attack
in northern Finland in 1965-66 the birch were not able to recover
because of heavy reindeer grazing, as a result a permanent lowering
of the treeline has taken place in the Utsjoki area [87-89]. Wind
may also be an important disturbance factor locally, by causing
abrasion damages on needles and braches of trees above the snow
surface, particularly on the windward side of the tree [11,44,90].
In some areas long term wind damages have resulted in ribbon- or
wave-shaped forests that gradually change their position in a regular
manner [91]. Another example, forest fires or fires in the mountain
heaths, may be naturally occurring and/or man-made. In some
parts of northern Eurasia, Canada and Alaska, these and other
disturbances are considered to be the main drivers in controlling
the properties of the forestmountain or the forest-tundra transition
zone.

CONCLUSIONS

When evaluating the observed changes in treeline position on a
altitudinal and latitudinal scale, the importance of non-climatic
drivers like disturbance and land use changes should always be
thoroughly analysed, in order to estimate the effects of global
warming, and feedback effects due to changes in light, nutrient
content, paludification and soil warming, should be investigated.
Global warming may influence tree growth and treeline position
through increased seed viability and production, as well as
increased vegetative growth, bud survival and reproduction. The
first indications of these changes are therefore often an increase in
seedlings density at or above treeline, as observed by Juntunen and
Neuvonen [16] in northern Finland.

However, also the effects of seedling mortality as a result of
freezing and drought stress, insect and fungus attacks, should be
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considered, as well as the effects of grazing pressure [86,88]. The
final outcome is dependent on these factors and to the degree of
human interaction e.g. by increased or reduced cutting, grazing,
or by other disturbance factors. With these limitations taken into
account, changes in treeline position may to a certain extent be
used as a rough indication of the relative importance of climate vs.
land use changes. In these considerations the local as well as global
economy and its consequences for the agricultural policy have to be
taken into account.
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