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Abstract: Elevational and polar treelines have been studied for more than two centuries. The aim of
the present article is to highlight in retrospect the scope of treeline research, scientific approaches
and hypotheses on treeline causation, its spatial structures and temporal change. Systematic treeline
research dates back to the end of the 19th century. The abundance of global, regional, and local
studies has provided a complex picture of the great variety and heterogeneity of both altitudinal and
polar treelines. Modern treeline research started in the 1930s, with experimental field and laboratory
studies on the trees’ physiological response to the treeline environment. During the following decades,
researchers’ interest increasingly focused on the altitudinal and polar treeline dynamics to climate
warming since the Little Ice Age. Since the 1970s interest in treeline dynamics again increased and has
considerably intensified from the 1990s to today. At the same time, remote sensing techniques and
GIS application have essentially supported previous analyses of treeline spatial patterns and temporal
variation. Simultaneously, the modelling of treeline has been rapidly increasing, often related to
the current treeline shift and and its implications for biodiversity, and the ecosystem function and
services of high-elevation forests. It appears, that many seemingly ‘new ideas’ already originated
many decades ago and just confirm what has been known for a long time. Suggestions for further
research are outlined.
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1. Introduction

Elevational and polar treelines, the most conspicuous vegetation boundaries in high mountains
and in the Subarctic, have attracted researchers from numerous disciplines. Thus, scientific approaches
to treeline have become increasingly complex. Treeline research dates back to more than two centuries.
Since the end of the 20th century, treeline publications have been rapidly increasing. Nearly 60% of the
articles and books from the 1930s onward were published during the two last decades. Older contributions
have gradually become disregarded in recent articles, or have been cited from secondary sources.
The objective of the present article is to highlight in retrospect the scope of treeline research, scientific
approaches and hypotheses on treeline causation, and its spatial and temporal structures.

The cited references can only represent a very small selection of an abundance of relevant
publications. This also means, that we could not cover all topics in treeline research. Anthropogenic
pressure (pastoralism, use of fire, mining, etc.), for example, is only randomly considered, although it
has controlled treeline position and spatial pattern in the inhabited world for thousands of years, often
overruling the influence of climate. Moreover, the multiple influences of wild animals, pathogens,
and diseases have not been concentrated on, as the species’ distribution, populations and kinds of

Forests 2020, 11, 38; d0i:10.3390/£11010038 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
http://www.mdpi.com/1999-4907/11/1/38?type=check_update&version=1
http://dx.doi.org/10.3390/f11010038
http://www.mdpi.com/journal/forests

Forests 2020, 11, 38 2 of 31

impact vary locally and regionally. Extensive reviews on this particular topic and the anthropogenic
impact were presented by [1-4].

Early publications were usually descriptive, and the results were not tested statistically. Anyway,
going ‘back to the roots’, the reader will soon realize that many ‘new ideas’ seemingly representing the
actual ‘frontline’ of treeline research originated many decades ago and just confirm what has been
known for a long time such as the fundamental functional role of heat deficiency in treeline control [5,6],
or the advantage of short plant tree stature in high mountain and subarctic/arctic environments

(e.g., [7,8]).
2. Scope and Topics of Treeline Research

2.1. Early Treeline Research

Early treeline research started around the end of the 18th century and the beginning of the 20th
century. In the beginning, treeline research was closely linked with the exploration of high-mountains
and the northern forest-tundra. There were occasional and more general observations, including the
physiognomy and distribution of vegetation and hypotheses on the influence of climate on treeline
(e.g., [9-16]) (Figure 1).
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Figure 1. Scope and main topics of treeline research in the course of time.

Systematic research dates back to the end of the 19th century/beginning of the 20th century [5,7,17-37]
(Figure 1). Coincidence of treeline position and certain isotherms of mean growing season temperatures
became apparent which clearly reflected the influence of heat deficiency. Gannet’s article on
timberline [38] is regarded as the beginning of systematic treeline research in North America [39].
Later, Griggs [40] published an overview on North American treeline which was followed by a more
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popularized introduction to timberlines by Arno [41]. This book is focused on North America but also
gives a short worldwide view.

Early researchers ([2] for review, [22,27,33-35,42,43]) already pointed to the treeline raising
mass-elevation effect (MEE). Brockmann-Jerosch [33] found MEE often overlapping with the positive
influence of the relatively continental climate character in the central parts of big mountain masses
(see also [34]). There, the combined effects of greater daily thermal amplitude associated with high
elevation, high solar radiation loads, reduced cloudiness, and lower precipitation, resulting in warmer
topsoils and microclimate near the ground allow treeline trees to exist at a lower mean growing
season air temperature (or annual temperature in the tropics) than in the outer low ranges exposed
to moisture-carrying air masses and on isolated mountains (‘summit phenomenon’, sensu [44]).
The mechanism of MEE has been approached again in numerous studies largely confirming the
previous hypotheses ([2] for literature until 2005). During the last 14 years the discussion on the MEE
came up again (e.g., [45-52]).

Growth forms of trees were found to be indicators of the harsh treeline environment. Dwarfed
growth of trees, for example, and wide-spacing of trees in treeline ecotones had already been described
in detail by early researchers as a characteristic of the climatic treeline (e.g., [7,21]). They considered
‘mats’ and similar low growth forms as ‘trees’ suppressed by recurrent winter injury (desiccation,
frost, abrasion) above the protective winter snowpack. The beneficial effect of the relatively warmer
conditions (growing season) near the ground surface was also well known (see also e.g., [5,7,8]) and
studied later in detail [53].

2.2. Modern Treeline Research

Modern treeline research began in the 1930s, with emphasis on the trees’ physiological response
to the harsh treeline environment (Figure 1). A biological study by Daniker [54] on treeline causation
in the Alps, with special regard to the influence of climate and tree anatomy, had already opened
perspectives for future research. Experimental studies in the field and laboratory became of major
importance (e.g., [55-65]). During World War II (1939-1945), the number of publications on treeline at
the regional scale considerably decreased, especially in Eurasia, where the political situation made field
studies very difficult or even impossible. Nevertheless, a few articles also date from this period [66-71].

Disastrous avalanche catastrophes in the European Alps during the extremely snow-rich winters
1951/1952 and 1953/1954 gave a fresh impetus to basic and applied treeline research. In Austria
and Switzerland, basic research on the physiological reponse of treeline trees to their environment
combined with the analyses of the functional role of the most relevant site factors and processes created
scientific basics for high-elevation forest management and maintenance, including afforestation up to
the potential tree limit (e.g., [72-74]) (Figure 2). For practical use in high-altitude afforestation in the
central Alps ecograms were developed [75,76] showing a schematic transect from convex to concave
microtopography with the distribution of the characteristic plant communities as indicators of the site
conditions varying along the transect see also [1,77].
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Figure 2. Fundamentals of treeline research and practical implementation.
2.2.1. Carbon

Limited carbon gain due to low temperature and a short growing season, has long been considered
the main ecophysiological cause of climatic treeline (e.g., [78,79]), the inhibition of carbon investment
gained importance (e.g., [80-82]). Increasing CO, in the atmosphere and associated ecophysiological
effects on the treeline environments and trees has again stimulated research on carbon dynamics during
the last three decades (e.g., [83-98]).

2.2.2. Winter Desiccation

Winter desiccation (WD) is an additional recurrent topic. It was already considered by early
researchers as the bottleneck in the performance of young trees at the alpine and polar treelines
(e.g., [7,99-102]), where WD had been observed mainly on strongly wind-swept local topography
(see also [103]). WD was blamed for the high cuticular transpiration loss through immature needle



Forests 2020, 11, 38 5 of 31

foliage with both frozen soil and the conductive tissue preventing water uptake (e.g., [56,104-120]).
This plausible ‘mechanism” has been readily accepted as a key factor in treeline causation in biology,
forestry, and geography textbooks (e.g., [121-123]). Although reduced cuticle thickness and cuticular
water loss are common at the treeline in winter-cold mountains, they are not necessarily associated
with lethal damage (e.g., [124-126]). If needles and shoots are not killed, they may rapidly rehydrate
in the following spring [127,128]. It appears that on extremely windy terrain mechanical injuries
(e.g., abrasion by blowing snow/ice and sand, breakage of frozen needles, and shoots) can increase the
susceptibility of needle foliage and shoots to WD (e.g., [129-133] for review). Frequent freeze-thaw
events may also be involved, as well as early or late frost (e.g., [63,73,134,135]). On the whole it appears
that WD cannot be attributed to insufficient cuticle development alone, and its role in treeline causation
needs to be relativized.

In 1979 Tranquillini [103] compiled the results of his own and that of others in an often cited book,
which represented the state of knowledge about the physiological ecology of treeline at that time.
Wieser and Tausz [136] edited a volume with contributions of 11 experts on the eco-physiology of trees
at their upper limits. The main focus of this book is on the European Alps. Five years later, Korner [93]
gave a concise overview of the present state of knowledge about the ecophysiological response of trees
to the environmental constraints at treeline.

2.2.3. Treeline and Temperature

The relationship between treeline and temperature, well known already to early researchers,
has also been in the focus of modern research. As root zone temperatures during the growing
season correlate better than more widely fluctuating air temperatures with worldwide treeline
position (e.g., [86,137]), they were suggested as the universal factor in treeline causation ([86] onward).
The relative effects of soil temperature on trees, and especially on tree seedlings, may considerably vary
depending on local site conditions (e.g., available moisture, organic matter, decomposition, nutrients,
and the species’ specific requirements). In a worldwide view, the location of the potential climatic
treeline has been associated with the length of a growing season of at least 94 d, with a daily minimum
temperature of just above freezing (0.9 °C) and a mean of 6.4 °C during this period [138]. This largely
corresponds to the previous statement by Ellenberg [121] that the altitudinal position of the climatic
treeline is associated with an air temperature exceeding 5 °C for at least 100 days. A critical mean
root zone temperature of about 6 °C during the growing season comes close to the critical thermal
threshold of 5 °C, when biochemical processes are generally impeded [139,140] and tree growth is
interrupted [90].

Although the mean growing season temperature is not identical with a real physical threshold
temperature below which no trees can exist (e.g., [141,142]), its relation to treeline position once again
supports the well substantiated early finding that heat deficiency is the globally dominating constraint
on tree existence at the elevational and polar treelines [143]. Therefore, linking treeline with growing
season mean soil or air temperature allows an approximate projection of the future climatic treeline
position at broad scales (global, zonal) (e.g., [138,144]).

Regional and local variations, however, are more difficult to foresee, as thermal differences may
occur on small scales, that are as great in magnitude as those that occur over thousands of kilometers in
the lowland [115,145]. Exposure of mountain slopes and microtopography to incident solar radiation
and prevailing winds is of major importance in this respect (e.g., [2,115,146-159]). These factors
and many additional physical and biotic disturbances (e.g., [134,160]) may prevent tree growth from
reaching the temperature-controlled climatic treeline projected by models, as for example the model
of [138]. In addition, historical displacement of treeline by humans and a delay of treeline response to
climate change also play a major role in the respect. Hence, at finer scales, treeline position is often
out-of-phase with climate (e.g., [1,161-176]). Global overviews, necessarily disregarding the local
differences, may easily overemphasize coarse drivers such as temperature [167,177,178].
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Overall, the assessment of the underlying possible causes at finer scales will be a great challenge to
treeline researchers also in the future (e.g., [179]). Modelling the influence of abiotic factors on the New
Zealand treeline [180], for example, showed 82% of treeline variation at regional scale being associated
with thermal conditions, whereas only about 50% could be attributed to temperature at finer scales.

2.2.4. Treeline Fluctuations

Treeline fluctuations due to warming and cooling periods after the end of the Little Ice Age and
during the 20th century were already considered in numerous studies ([2], for literature). However,
it appears that the climatically driven current treeline advance to greater elevation and to northern
latitude has even attracted greater attention (Figure 1). During the last three decades, especially since the
1990s, publications on this topic have rapidly increased (by about 90%), partly in a broader context with
the change of vegetation and biodiversity, and the expected implications for the ecosystem functions
and services of high-elevation forests (e.g., [88,134,167,181-205]) (Figure 3). Dendrochronology, pollen
analysis, sediment analysis, and radiocarbon-dating of fossil wood remains (mega fossils) have
provided a profound insight into Holocene treeline fluctuations (e.g., [203,206-224]). In not a few cases
their after-effects have lastingly influenced the current treeline position and spatial patterns (e.g., [1,2]
and references therein).

271

136

26 25

Priorto 1800 - 1830 - 1860 — 1 1900 — 1930 — 1960 — 1990 —
1800 1820s 1850s 1880s 1920s 1950s 1980s 2019

=2=

Figure 3. Number of treeline-related publications during consecutive 30-years periods, compiled from
the reference list of the current article. Note the exorbitant increase since the 1960s and especially since
the 1990s, when the number of publications doubled compared to the previous 30 years (1960-1980s).

Treeline studies by geographers, landscape ecologists, foresters, and geobotanists have referred
in particular to treeline in the landscape context aiming to explain spatial treeline structures and
their development under the influence of multiple, partly interacting abiotic and biotic factors
(Figure 2) [225-229]; for more publications prior to 2008 see [2,77,199,230-233]. In this context, natural
and anthropogenic disturbances have been increasingly studied (e.g., [2,3,160,166,177,215,232,234-245]).
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These studies have contributed to the assessment of treeline fluctuations in a more holistic view. Asboth
natural and anthropogenic disturbances are closely linked with a multitude of locally and regionally
varying preconditions, a generalization, however, is problematic.

Traditional ground-based repeat photography (e.g., [168,171,203,246-251]), remote sensing
techniques (oblique air photos, satellite images) and GIS data (e.g., [181,242,252-270]) have effectively
supported the analysis of current (and also of historical) treeline spatial patterns and temporal
variation such as treeline fluctuations, especially in remote areas and areas difficult to access,
such as steep and rugged mountain terrain [270,271]. These studies have also contributed to a
more complex view of the driving factors and also underlined that factors and processes vary by scale
of consideration (e.g., [159,180,184,205,272,273]) (Figure 4). Thus, in addition to the numerous studies on
the physiological response of treeline trees to heat deficiency at the broader scales (global/zonal/regional),
the influences of local topography (landforms) on treeline spatial patterns and associated ecological
processes have been increasingly studied, particularly in Austria and Switzerland (e.g., [75,274-277])
(Figure 4). During the last decades, this issue has moved again in the focus of treeline research
worldwide (e.g., [147-149,156,227,229,278-293]).
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Figure 4. Combined results of research at different scales explain treeline spatio-temporal response to
climate change.

2.2.5. Soils in the Treeline Ecotone and in the Alpine Zone

The need for maintenance and restoration of high elevation protective forests and afforestation
above the present subalpine forest has also fuelled research on soils in the treeline ecotone and in the
alpine zone (e.g., [139,279,280,294-312]). High-elevation soils have been considered in a worldwide
view by a FAO report [313]. In addition, Egli and Poulenard [314] published a review on soils of
mountainous landscapes. However, in most treeline studies soils are considered only briefly, with just
a few exceptions (e.g., [256,309,310,315]). Based on many treeline studies in the Alps, northern Europe
and North America, the present authors have come to the conclusion that no real treeline-specific soil
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types exist [2,273,316]. Instead, the treeline ecotone is usually characterized by a mosaic of soil types,
closely related to the locally varying conditions [256].

2.2.6. Precipitation and Soil Moisture

While heat deficiency has generally been accepted as the main factor in global treeline control,
the role of precipitation and related soil moisture supply at treeline has remained less clear. This may
be due to the great regional and local variation. During the last two decades, however, the role of
precipitation has been increasingly dealt with, mainly in the context with climatically-driven treeline
shifts and the growing number of studies on treeline in mountains influenced by seasonal drought.
The impacts of heat deficiency and drought often overlap, and drought periods may overrule the
positive effects of climate warming [178,257,263,317-327]. A detailed review on the physiological
response of trees to drought and new insights in understanding of trees” hydraulic function in general
was recently presented by Choat et al. [328].

While warming climate is often associated with increasing summer drought, moisture carrying
warm air currents may bring about increased winter snowfall at high elevation (e.g., Alps, Himalaya,
Alaska). There are great variations, however, due to climate regimes, elevation and distance from the
oceans. Anyway, when big snow masses accumulate during a few days of extreme synoptic conditions
more destructive (wet snow) avalanches are likely [273,329-332].

Moisture availability is only partly associated with the total amount of precipitation and may
considerably vary depending on microtopography, soil physical conditions, and soil organic matter.
Moreover, the tolerance of moisture deficiency of tree species differs (e.g., [333]). Seedlings are more
sensitive to lack of moisture than deep-rooted mature trees (e.g., [334-337]) which may be attributed to
slow initial growth and great reliance on seed reserves [338].

On several tropical/subtropical islands, drought stress affects trees and seedlings above the
trade-wind inversion. There may however be many additional factors involved (e.g., geological and
vegetation history, climate variability, human impact, etc.) (e.g., [46,339-343]). Thus, the low position
of the treeline on some remote ocean islands has also been ascribed to the absence of hardy tree species
which could not reach these islands [110,343].

Growing concern about climatically-driven impact by drought, fire, mass-outbreaks of bark beetle,
pathogens, and increasing outdoor activities on high mountain resources has fuelled treeline research,
often with emphasis on high-elevation forest management ([344] and literature within). High-elevation
forests including treeline ecotones are particularly valuable as wildlife habitats and because of their
protective function such as avalanche and erosion control (e.g., [160,345]). Not least they serve as an
environmental indicator.

2.2.7. Natural Regeneration

While, in general, response of mature trees to climate warming is in the focus, climate change
has also stimulated new research on natural regeneration and its particular role as a driving force in
worldwide treeline upward and poleward shifts (see [2] for literature prior to 2008 (e.g., [201,346-366]).
Publications on regeneration at treeline have increased by more than 60% since the last two decades.

Normally, both seed quantity and quality (viability) decrease when approaching the treeline.
Occasionally, however, trees growing even far above the mountain forest produce viable seeds, from
which scattered seedlings may emerge at safe sites. As the regeneration process usually extends over
several years, it is highly prone to disturbances and may therefore fail at any stage [2,336,367].

It has been and still is being debated, whether the scarcity of viable seeds or paucity of
safe sites are more restrictive to tree establishment within and above the current treeline ecotone
(e.g.,[93,109,168,171,182,186,361,368-378]). Whatsoever, increased production and availability of viable
seeds will not necessarily initiate successful seedling recruitment (e.g., [171,182,186,261,367,379-381])
Altogether, seed-based regeneration in and above the treeline ecotone depends on the availability of
viable seeds, varying locally, and on the distance from the seed sources, suitable seed beds, and multiple
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disturbances (e.g., [2,3,160,191,261,353,355,361,366,367]). Last but not least, mycorrhization is essential
for a successful seedling establishment in and especially above the treeline ecotone, where it is closely
related to locally varying site conditions (e.g., [382-386]). It appears, that only trees with ectomycorrhiza
are able to exist up to the climatic limit of tree growth [382,387]. In the end, however, effective natural
regeneration depends on the hardiness of tree seedlings and whether these will attain full tree size
or at least survive as suppressed growth form. Overall, operating with long-term growing season
temperature alone does not allow a fairly well assessment of whether seed-based regeneration within
the treeline ecotone and in the lower alpine zone will be successful or fail.

As to current treeline dynamics, the role of layering (the formation of adventitious roots) and also
of stump sprouts and root suckers, well known already to early researchers (e.g., [7,21,388]), deserves
closer attention [389]. Layering still is active at low temperatures which would prevent seed-based
regeneration (e.g., [390-392]). Clonal groups which developed at high elevation under temporary
favourable conditions and survived subsequent cooling (after the Little Ice Age) may now serve as an
effective seed source far above the current subalpine forest (e.g., [157]).

2.2.8. Feedbacks of Increasing Tree Population

The feedbacks of increasing tree population in the treeline ecotone on their close environment
(Figure 5) are being increasingly considered (e.g., [147-149,155,157,258,278,393,394]). Increasing stem
density may be associated with both positive and negative effects. Thus, trees and clonal groups
growing to greater height reduce wind velocity and increase the deposition of blowing snow, which
may provide shelter to young growth from climatic injury in winter-cold climates (e.g., [368,395]),
while infection of evergreen conifers by parasitic snow fungi increases and can be fatal for seedlings
and saplings. The increasing crown cover will reduce growing season soil temperature in the rooting
zone and may thus impede root growth. Whatsoever, field studies on the response of Swiss stone pines
to low soil temperatures as a result of self-shading have provided evidence that fine roots abundance
and dynamics at the treeline is not affected by self-shading [396].
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It has even been argued that densely grouped trees themselves would reduce their possible
lifetime through shading the ground [86], whereas, sunlit patches between wide-spaced trees
and tree groups usually exhibit higher daytime soil temperatures during the growing season
(e.g., [20,22,23,27,131,147,397-401]), that might facilitate tree establishment. Nevertheless, adverse
climatic factors [372,402-404] (e.g., recurrent frost damage, precocious dehardening in winter, summer
frosts, strong prevailing winds, ice-particle abrasion, and photooxidative stress) can outweigh the
advantage of reduced shading between wide-spaced trees (e.g., [2,103,178,359,372,403,405-410]).

Moreover, increasing tree density in the treeline ecotone may aggravate the competition
for moisture, nutrients, and light between adult trees and juvenile trees (e.g., [157,293,411,412]).
Not least, the competition between young trees, dwarf shrub, and ground vegetation may impede the
establishment of trees [293,365,401,413-419]. Competition may even be more important than direct
climatic effects, such as the length of the snow-free period, for example [359], or soil temperature. More
systematic studies on competition as an ecological factor in the treeline ecotone are needed for a better
understanding of treeline spatial and temporal dynamics.

2.2.9. Modelling Treeline and its Environmental Constraints

Since the 1990s, the modelling of treeline and its environmental constraints has rapidly
increased. Modelling, in particular when combined with field- and laboratory experiments,
allows alternative scenarios of possible treeline response to environmental pressure (Figure 6)
(e.g., [87,137,138,145,172,173,258,289,350,365,373,409,420-431]). Due to rapidly growing numbers and
the great diversity of modelling techniques it may be difficult, however, to find the most appropriate
method (e.g., [432-434]). To apply the results to other environments proves to be problematic or even
impossible as models and scenarios are usually based on local data sets collected within a limited
period of time (see also [2,205,433]). Thus, model-based projections of future treeline have often failed.
At the treeline of Scots pine in northernmost Europe, for example, climate warming did not seem
to be sufficient to compensate abiotic and biotic pressures on treeline trees (e.g., [321]). In addition,
in north-central Canada (west of Hudson Bay) the climatically-driven northward advance of treeline
as predicted by various models has not yet occurred [326].
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Figure 6. Fundamentals, topics, and objectives of modelling treeline (modified from [2]).

3. Conclusions and Perspectives

This research review, stemming from the roots of early research in the 1700s to modern research
beginning in the 1930s, contributes to a multi-facetted view of the treeline (Figures 1, 2 and 4). Although
the number of studies per year and the level of complexity has increased over time, many ‘new ideas’
seemingly representing the actual ‘frontline” of treeline research, originated decades earlier and just
confirm what has been known a long time (Figures 1-3).

Some established hypotheses need to be reassessed, such as global and regional overviews that
have often overemphasized coarse drivers such as temperature. A focal point of early treeline research
was linking the worldwide treeline position with an empirically found thermal average (mean growing
season temperature) seemingly limiting tree growth. Not a few recent treeline studies have still been
following the same idea and come to not really ‘new’ insights into trees’ functional response to the
treeline environment. Especially during the last two decades, the mass-elevation effect (MEE) was
reconsidered in many studies largely confirming the previous hypotheses dating from the early 1900s.

Additional work is needed to decipher the fundamental functional role of heat deficiency in
treeline control. The same applies to the role of precipitation (rain, snow) and available soil moisture
(dependent on soil texture, humus content, and microtopography) during the growing season in
different climatic regions. More research at local and regional scales is required to broaden and
corroborate knowledge in this field.

Disastrous avalanche catastrophes during two successive extremely snow-rich winters in the
1950s and current climate warming have become important drivers of modern treeline research.
The extremely snow-rich winters in particular stimulated basic and applied treeline research (Figure 2).
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As afforestation and maintenance of high-elevation protective forests was the main objective, the nature
of the entire elevational belt (treeline ecotone) itself was increasingly considered. Finding out which
factors prevent trees in many places from reaching its potential climatic limit has been a strong challenge
for researchers since then.

Scales of consideration play an important role in treeline research, as treeline heterogeneity, spatial
mosaic, and ecological variety increase from coarse (global, zonal) to finer (regional, landscape, micro)
scales (Figure 4). Finer scale assessments of the relative importance and function of the treeline-relevant
factors and processes (human impact included) are fundamental for better understanding of treeline
causation and its possible response to climate (environmental) change.

Research on episodic reproduction and treeline fluctuations in response to climate warming
since the end of the Little Ice Age has steadily increased from the 1940s onward (Figure 1). Since the
1990s, the effects of current climate warming on treeline have considerably fuelled treeline research
comparable to the effect of the avalanche catastrophes in the Europen Alps during the snow-rich
winters in the 1950s.

Changes of biodiversity and structural diversity due to feedbacks of increasing tree population
(Figure 5) within the current treeline ecotone and in the adjacent lower alpine zone, as well as the
resulting implications for the ecological conditions, also require local studies.

As the impact of climate change and treeline response often overlaps with anthropogenic influences
and natural factors, it is suggested that future treeline-related research could benefit from means to
successfully disentangle the effects of these factors on treeline position, spatial structures and dynamics.

Remote sensing techniques and GIS have become excellent tools for monitoring treeline spatial
patterns and structures at coarse and finer scales, particularly in areas difficult to access. Such innovative
research techniques will be needed to come to a better assessment of the multiple and often mutually
influencing factors and processes controlling treeline causation, spatial patterns, and dynamics. Thus,
they will also promote projection of future treeline position (Figure 6).

In addition to specialized research on the physiological functions and response of trees to the
harsh treeline environment, studies based on a more holistic approach may considerably contribute to
complete our knowledge on nature of treeline. The results from the different disciplines and experts
involved in treeline research must be combined and integrated into the varying spatio-temporal
patterns of treelines. In this context, research on the effects of recurrent disturbances, disregarded
whether natural or anthropogenic, appear as important as tree physiological research.
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