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1. Introduction

The human influence on the earth’s climate is becoming more
and more obvious. Climate observations prove the existence of a

global warming trend: global average temperature has increased
by 0.8 8C since 1900 (Hansen et al., 2006) and the 12 hottest years
observed globally since 1880 all occurred between 1990 and 2005.
The European heat wave of 2003 was a drastic demonstration of
the extent of impacts we need to expect more often in the future
(Schär and Jendritzky, 2004; Ciais et al., 2005). Latest climate
change scenario projections for Europe suggest that by 2100
temperatures will increase between about 2 8C in Ireland and the
UK, up to about 3 8C in central Europe and 4–5 8C in the northern
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A B S T R A C T

This study compiles and summarizes the existing knowledge about observed and projected impacts of

climate change on forests in Europe. Forests will have to adapt not only to changes in mean climate

variables but also to increased variability with greater risk of extreme weather events, such as prolonged

drought, storms and floods. Sensitivity, potential impacts, adaptive capacity, and vulnerability to climate

change are reviewed for European forests. The most important potential impacts of climate change on

forest goods and services are summarized for the Boreal, Temperate Oceanic, Temperate Continental,

Mediterranean, and mountainous regions. Especially in northern and western Europe the increasing

atmospheric CO2 content and warmer temperatures are expected to result in positive effects on forest

growth and wood production, at least in the short–medium term. On the other hand, increasing drought

and disturbance risks will cause adverse effects. These negative impacts are very likely to outweigh

positive trends in southern and eastern Europe. From west to east, the drought risk increases. In the

Mediterranean regions productivity is expected to decline due to strongly increased droughts and fire

risks.

Adaptive capacity consists of the inherent adaptive capacity of trees and forest ecosystems and of

socio-economic factors determining the capability to implement planned adaptation. The adaptive

capacity in the forest sector is relatively large in the Boreal and the Temperate Oceanic regions, more

constrained by socio-economic factors in the Temperate Continental, and most limited in the

Mediterranean region where large forest areas are only extensively managed or unmanaged.

Potential impacts and risks are best studied and understood with respect to wood production. It is

clear that all other goods and services provided by European forests will also be impacted by climate

change, but much less knowledge is available to quantify these impacts. Understanding of adaptive

capacity and regional vulnerability to climate change in European forests is not well developed and

requires more focussed research efforts. An interdisciplinary research agenda integrated with

monitoring networks and projection models is needed to provide information at all levels of decision

making, from policy development to the management unit.
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Boreal and parts of the Mediterranean regions (Christensen et al.,
2007). Atmospheric CO2 concentration in 2100 is projected to
increase to at least 486 ppm (in some scenarios even beyond
1000 ppm) compared to the pre-industrial concentration of
280 ppm (Nakicenovic et al., 2000).

Forests are particularly sensitive to climate change, because the
long life-span of trees does not allow for rapid adaptation to
environmental changes. Associated with climate change there are
several factors affecting forest ecosystems, which can act
independently or in combination. Two decades of research have
significantly improved our understanding of these basic impact
factors.

Rising concentrations of CO2 in the atmosphere increase
photosynthesis rates, but vary with plant nitrogen status and
species (Saxe et al., 1998; Norby et al., 1999; Ainsworth and Long,
2005). For example, mature Fagus sylvatica and Quercus petratea

responded more than Carpinus betulus, Prunus avium, and Tilia

platyphyllos in a central European free air enrichment experiment
(Asshoff et al., 2006). Tree growth rate might not increase
proportionally with increase in photosynthesis because of other
limiting factors such as nutrient availability (Hungate et al., 2003;
Luo et al., 2004). Increased atmospheric CO2 induces a partial
closure of stomata reducing water loss by transpiration. This
results in an increase in the ratio of carbon gain to water loss, i.e.
the water use efficiency at the leaf and whole stand level increases
(Field et al., 1995; Picon et al., 1996). In addition, increased
allocation of carbon to root growth may enable plants to exploit
soil water in a deeper and larger range of soil hence ameliorating
the negative effects of water stress and better adapting to a water-
limited environment (Wullschleger et al., 2002).

Other changes in the chemical atmospheric environment
affecting tree growth include tropospheric and ground-level
concentrations of ozone, which may increase drought stress in
trees (McLaughlin et al., 2007) and reduce tree biomass under
current ambient compared to pre-industrial concentrations
(Wittig et al., 2009). Also atmospheric nitrogen deposition has
been a major factor influencing forest growth and other ecosystem
characteristics over the last decades (Magnani et al., 2007; Kahle
et al., 2008). Both ozone and nitrogen deposition affect tree
physiology, carbon allocation and plant interactions, resulting in
complex interactions with other climatic impact factors such as
drought (e.g. Matyssek et al., 2006).

Effects of increases in temperature will differ with location,
because bioclimatic zones in Europe differ in their limitations for
forest production. An increase in temperature alone would be
beneficial for boreal (Kellomäki and Wang, 1996; Briceño-Elizondo
et al., 2006) and temperate conditions (Saxe et al., 2001), but
interaction with other climate or site related factors can alter the
response. Higher temperatures extend the growing season and
may increase photosynthesis particularly in the northern latitudes.
However, in other regions – where water availability restricts
productivity – detrimental effects are possible, especially if the
precipitation does not increase or shifts to the winter season, as
projected e.g. for the Mediterranean areas (Loustau et al., 2005).
Climate variability is particularly important in connection with
changes in precipitation, because extreme events such as extended
droughts have much more drastic consequences on tree growth
and survival than gradual changes in average climate conditions
(Fuhrer et al., 2006). Because trees are obviously adapting to the
local average water availability (Kahle, 1994), extreme events
cause growth responses across site conditions (Granier et al.,
2007). Water limitation is expected to increase from the Temperate
Oceanic to the Temperate Continental and the Mediterranean
zones. In combination with increases in temperature this could
lead to more droughts, especially in the Mediterranean and
Temperate Continental zone. In these areas heat is often a stress

factor. The optimum temperature for net photosynthesis rarely
exceeds 30 8C for major European tree species. Thus, at high
temperatures photorespiration is stimulated while photosynthesis
is inhibited (Rennenberg et al., 2006).

The changes in climate will also have associated consequences
for biotic (frequency and consequences of pest and disease
outbreaks) and abiotic disturbances (changes in fire occurrence,
changes in wind storm frequency and intensity) with strong
implications for forest ecosystems.

Population dynamics and occurrence of exothermic organisms,
such as insect herbivores, and the pathogenicity of fungal diseases
will be strongly influenced by altered environmental conditions.
However, the consequences for certain species will differ with
geographic regions and the extent of climatic change. Both,
positive responses of insect populations, such as increased
development rate, increased chance of survival and reproductive
potential and negative effects like decreased growth rate and
reduced fecundity are to be expected (Hunter, 2001; Bale et al.,
2002; Huberty and Denno, 2004). Climate change will impact
frequencies of pest outbreaks (Williams and Liebhold, 1995;
Volney and Fleming, 2000) and the sporulation and colonisation
success of fungal pathogens (Ayres and Lombardero, 2000;
Desprez-Loustau et al., 2006), and may not only promote shifts
and expansions, but also contractions of distributional ranges for
various herbivore and pathogen species (Cannon, 1998; Parmesan,
2006; Rouault et al., 2006).

Main abiotic disturbances in Europe are fire, wind, flooding and
drought, all of which may be affected by climate change (Flannigan
et al., 2000; Fuhrer et al., 2006; Moriondo et al., 2006). In the period
1950–2000, an annual average of 35 million m3 wood was
damaged by disturbances (i.e. 8% of total fellings in Europe);
storms were responsible for 53% of the total damage and fire for
16% (Schelhaas et al., 2003). The years 2003 and 2007 demon-
strated that forest fires may be substantially more devastating
when large scale droughts prevail. Since 1990, several storms have
caused large damage in European forests, resulting in yield
reduction of recoverable timber, increased costs of unscheduled
cuttings, problems in forestry planning, and, as recently shown,
considerable carbon releases (Lindroth et al., 2009). Also flooding
events are expected to occur more frequently with consequences
on dynamics of riparian tree species and flood-prone areas (Glenz
et al., 2006; Kramer et al., 2008).

These different impact factors will affect European forests,
however severity of impacts on forest goods and services will
depend on the regional situation and the specific changes in
climate. Vulnerability to climate change also depends on the ability
of natural ecosystems and society to cope with the impacts
(Schröter et al., 2005). While many studies have investigated
potential impacts of climate change, much less attention has been
given to the adaptive capacity in the forest sector and few studies
have assessed vulnerability of forestry to climate change. The
regional context is important, as impacts can be both positive and
negative and ability and strategies to cope with climate change
impacts may differ. In this study we reviewed the existing
knowledge about potential climate change impacts in different
European forest regions. We analysed adaptive capacity, discuss
our current understanding of regional differences in vulnerability
to climate change and point out needs for further research.

2. Methods

2.1. Concepts and terms used

The concepts of impact, vulnerability, risk and adaptation are
not clearly defined and interpretation of terms by scientific groups
or policy makers can be quite different, which may lead to fuzzy or
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even false expectations and responses (OECD, 2006). In this study,
the methodological approach shown in Fig. 1 was adopted, using
the following terms:

� Impact factors are climatic, physical, and biological variables that
are influenced by climate change and cause the impacts in the
system.
� Exposure specifies the projected change of climate that is

affecting the system.
� Sensitivity describes the degree to which a system is affected,

either adversely or beneficially. The effects of climate change
may be direct (e.g. changes in forest growth in response to a
change in temperature or precipitation) or indirect (e.g. damages
caused by an increase in the frequency of fires or a new biotic
pest species).
� Impacts are the consequences of climate change that are likely to

affect forest goods and services and forestry activities, as a
function of exposure and sensitivity to changes.
� Adaptive capacity describes the ability of a system to adapt to

changes in climate.
� Inherent adaptive capacity summarizes the evolutionary

mechanisms and processes that permit tree species to adjust
to new environmental conditions.
� Socio-economic adaptive capacity is the ability of human sectors,

like forestry, to implement planned adaptation measures.
� Vulnerability can be defined as the degree to which a system is

susceptible to be affected by adverse effects of climate change.
The vulnerability of a given system is a function of the climate
variation to which this system is exposed (exposure), its
sensitivity (together resulting in impacts on goods and services),
and its adaptive capacity.
� Risk is the potential adverse outcome of a particular impact.
� Opportunity is the potential beneficial outcome of a particular

impact.

2.2. Scope of the analysis

The study covered direct and indirect impacts on the capacity of
forests to provide economic, social and ecological services. The
following goods and services were studied (when information was
available):

i) wood production,
ii) any non-wood forest products (e.g. berries, mushrooms),

iii) carbon sequestration,
iv) biodiversity,
v) recreation,

vi) protective functions.

2.3. Bioclimatic zonation

Climate change sensitivity and exposure differ between
bioclimatic zones and forest types in Europe. The study thus
analysed climate change impacts separately for different biocli-
matic regions/forest types. The bioclimatic map of Europe was
used as reference classification (Rivas-Martı́nez et al., 2004); the
top level hierarchy of this bioclimatic classification are four
macrobioclimates delimited by means of current climatic para-
meters and vegetation characteristics. European forests cover
three major macrobioclimates: Boreal, Temperate and Mediterra-
nean. Each of them and their subordinate units or bioclimates is
represented by a characteristic group of forest formations. We
divided the Temperate macrobioclimate to reflect the effect of
continentality and used four bioclimatic zones to structure this
review – Boreal, Temperate Oceanic, Temperate Continental and
Mediterranean. In addition mountainous regions were separately
considered to better represent mountain specific processes and
impacts. Fig. 2 shows the simplifying assignment of European
countries to bioclimatic zones.

3. Sensitivity and potential impacts of climate change in
bioclimatic regions

In the following sections, for each region the latest regional
climate change projections of the Intergovernmental Panel on
Climate Change until the end of the 21st century (Christensen et al.,
2007), the regional sensitivity to climate change and the most
important potential impacts are summarized.

3.1. Boreal zone

3.1.1. Exposure

Temperatures are projected to increase by 3.5–5 8C with higher
increase during winter (4–7 8C) than in summer (3–4 8C).
Significant increases in yearly precipitation (up to 40%) are
predicted. Winters are projected to become wetter.

3.1.2. Sensitivity

The productivity of boreal forests is limited by short growing
seasons, low summer temperatures and short supply of nitrogen

Fig. 2. Principle allocation of European countries to bioclimatic zones. Many

countries span across different zones and results of neighbouring zones should also

be considered.

Fig. 1. Scheme of the approach followed to assess the climate change impacts and

vulnerability in European forests.
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(Kellomäki et al., 1997; Mäkipää et al., 1998). The projected change
in temperature will prolong the growing season, enhance the
decomposition of soil organic matter and increase the supply of
nitrogen (Kirschbaum, 1995). This may further enhance forest
growth, consequent timber yield and the accumulation of carbon
in the biomass (Kellomäki and Väisänen, 1997). However, in areas
with reduced precipitation in the southern Boreal, the potential
increase in productivity could be reduced or offset due to water
limitations (Briceño-Elizondo et al., 2006). Milder winters may
reduce winter hardening in trees, increasing vulnerability to frost
e.g. in oak stands in south-western Finland (Hänninen, 2006).
Warmer and wetter winters negatively affect logging operations
on wet soils. Tree species distributions may change and broad-
leaved deciduous trees are expected to expand northwards. Forest
damage by wind and snow are projected to increase (Peltola et al.,
2000).

Because of harsh climate, the Boreal zone lies beyond the
distribution range of various insect herbivores – a situation which
could be drastically changed by increasing winter and summer
temperatures. For instance, northward expansions of Lymantria

dispar and L. monacha (Vanhanen et al., 2007) are expected, as well
as range expansion and increased frequencies of mass propagation
for Neodiprion sertifer (due to decreased winter egg mortality;
Virtanen et al., 1996; Veteli et al., 2005) and Ips typographus

(triggered by storm events and warm and dry summers; Okland
and Bjornstad, 2003; Wermelinger, 2004). Longer growing seasons
and higher temperatures will also benefit fungal diseases, such as
Heterobasidion parviporum and H. annosum (Thor et al., 2005;
Mattila and Nuutinen, 2007), whereas organisms especially
adapted to severe environmental conditions (e.g. Gremmeniella

abietina) can be less virulent with higher summer temperatures
(Bernhold, 2008).

3.1.3. Potential impacts on forest goods and services

Garcia-Gonzalo et al. (2007b) projected for a forest unit in
Central Finland an increase in stand growth by 22–26%, resulting in
8–22% increased timber yield, depending on the climate scenario
and the species. Projected growth enhancements are more than
50% larger in northern compared to southern Finland (Briceño-
Elizondo et al., 2006). Another study found increased net primary
production (NPP) by 5–27% for coniferous stands, being less for a
Scots pine stand growing in Norway compared to a continental
climate in central Sweden and eastern Finland (Bergh et al., 2003).

Kauserud et al. (2008) observed that mushroom fruiting has
changed considerably in Norway with an average delay in fruiting
since 1980 of 12.9 days. The changes differ strongly between
species, resulting in a more compressed fruiting season. Winter
warming and increased summer precipitation reduced flowering
and berry production in Vaccinium species in northern Sweden
(Phoenix et al., 2001; Bokhorst et al., 2008). However, the
relationships between yield of berries and climate variables are
not fully understood (Wallenius, 1999).

The forest carbon balance will be strongly determined by forest
management, as most of the additionally sequestered carbon will
be removed in intensively managed forest systems. Compared to
current climatic conditions, Garcia-Gonzalo et al. (2007a) simu-
lated around 1% higher total carbon (C) stock in the forest
ecosystem, whereas the mean increase in total C in timber yield
was up to 12%. Under scenarios with high temperature increase, C
could be released from the soil (e.g. Mäkipää et al., 1999). The
feedback between carbon (C) and nitrogen (N) turnover plays an
important role that needs to be more clearly understood to
improve estimates of C sequestration in boreal forest ecosystems
(Svensson et al., 2008).

Broadleaved deciduous trees may expand their potential
distribution ranges into the boreal forests, consequently increasing

tree species and functional diversity (Thuiller et al., 2006). Woody
vegetation is expected to spread into tundra at higher latitudes and
higher elevations (Grace et al., 2002), threatening some Artic
animal and plant specialists with extinction (Callaghan et al., 2004;
Aitken et al., 2008).

Nature-based tourism and outdoor recreation are directly
affected by changes in climate (Saarinen and Tervo, 2006). In
southern Finland, opportunities for snow-related activities are
expected to decline, whereas northern Finland could have a
competitive advantage compared to winter tourism destinations in
central Europe.

3.2. Temperate Oceanic zone

3.2.1. Exposure

Annual mean temperature increases are projected to be 2.5–
3.5 8C, except for the UK and Ireland with 2–3 8C. Summers are
likely to be dryer and hotter (up to 4 8C increase). Extreme events
such as storms, floods and droughts are projected to become more
harmful.

3.2.2. Sensitivity

Temperature increase will have a positive impact on forest
growth in northern and western parts (i.e. less water-limited
areas) and a negative impact on southern and eastern parts (i.e.
water-limited regions). In the southern parts of the region
droughts are the main constraint of forest growth and productivity.
Temperature increase may have strong impacts on forest
productivity and the competitive relationships between tree
species (Lasch et al., 2002b). Thuiller et al. (2006) projected a
reduction in the number of species in the Atlantic areas. In large
areas of western and central Europe, indigenous conifers may be
replaced by more competitive deciduous trees (Maracchi et al.,
2005). The most important effects of climate change on temperate
forests will probably be mediated through changes in disturbance
regimes such as storms (Thürig et al., 2005; Schutz et al., 2006),
insects and pathogens. Temperature increase associated with a
decrease in precipitation will probably implicate accelerated
development and lowered mortality rates for various species of
insect herbivores. As a result, the incidence of mass outbreaks of
pest species will rise, e.g. of forest defoliators such as Elatobium

abietinum in the UK (Westgarth-Smith et al., 2007). Prolonged and
warmer vegetation periods will especially enhance the develop-
ment of bark beetles, allowing for the establishment of additional
generations and multiplying population densities. Range expan-
sions and range shifts are to be expected for pest insects such as L.

dispar, L. monacha (Karolewski et al., 2007), Thaumetopoea

pityocampa, (Battisti et al., 2005; Robinet et al., 2007), and also
for termophilic pathogen species, such as Biscogniauxia mediterra-

nea (Desprez-Loustau et al., 2007). The potential damage of fungal
diseases present in a latent form in wide areas (e.g. B. mediterranea,
Diplodia pinea) will likely be exacerbated by the decrease in
precipitation, as endophytes may turn to pathogens in drought-
stressed trees.

3.2.3. Potential impacts on forest goods and services

Most of the region is projected to benefit from increased growth
rates under expected future climate conditions and thus also wood
production tends to increase (Eggers et al., 2008). Negative impacts
may occur especially in the southern and eastern parts of the
region where climate has a noticeable Mediterranean or con-
tinental influence. Potentially devastating negative impacts may
occur due to extreme climatic events and enhanced disturbances
(both biotic and abiotic). Consequently, the share of unscheduled
fellings and salvage cuts after stand destructing disturbances is
likely to increase. In northern France, forest productivity is
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expected to be enhanced by climate change, with an increasing
trend from west to east. In the southwestern Atlantic region,
productivity will be reduced by climate change to an increasing
degree from west to east (Loustau et al., 2005). For Germany,
scenarios with increases in precipitation resulted in up to a 7%
increase in productivity of three out of four main species, whereas
under a drier scenario all species were projected to decline in
productivity by �4% to �16% (Lasch et al., 2002a).

Little evidence is available regarding impacts on non-wood
forest products. Gange et al. (2007) analysed autumnal fruiting
patterns of macrofungi over 56 years and found that average first
fruiting date of 315 species was advanced, while last fruiting date
was delayed. Opportunities were identified under climate change
through increased potential walnut production (Hemery and
Russell, 2006).

Carbon sequestration is likely to benefit from increased tree
growth and productivity in most of the Temperate Oceanic region
(Vetter et al., 2005; Lettens et al., 2008), at least in the short to
medium term (Eggers et al., 2008). However, the carbon balance
may be negatively impacted by more frequent disturbances
(Lindroth et al., 2009).

Projected impacts on biodiversity include thermophilic plant
species becoming more common, while cold-tolerant species
decline (Reid, 2006). Different species groups might respond
differently to changing conditions. As a result of climate change,
epiphytic species appear to be increasing, but in contrast, many
terricolus species are declining (Aptroot and van Herk, 2007).

3.3. Temperate Continental zone

3.3.1. Exposure

The annual mean temperature increase is projected to be in the
order of 3–4 8C and up to 4.5 8C in the Black Sea Region. Annual
mean precipitation is expected to increase by up to 10% mainly in
winter, while summer precipitation is projected to decline in
several areas (up to �10%).

3.3.2. Sensitivity

In this bioclimatic zone, forest production is mainly constrained
by water availability (Maracchi et al., 2005) and decreasing annual
precipitation or changes in inter- and intra-annual distribution will
result in stronger water limitations than today. Production is likely
to decrease at sites vulnerable to water stress and to increase
where the increased evaporative demand under the elevated
temperature is balanced by an increase in precipitation. Impacts on
individual species can be either positive or negative, depending on
site conditions and regional climatic changes. F. sylvatica is
projected to face severe problems under increasing temperatures
(Geßler et al., 2007). Milder winters may reduce winter hardening
in trees, increasing their vulnerability to frost (Hänninen, 2006).
Fire danger is likely to increase (Moriondo et al., 2006). The
projected considerable increase of temperature will strongly
impact population dynamics and distribution of exothermic
organisms and probably trigger outbreaks of certain pest insects.
Even high increases in average temperature are expected to have
positive effects for L. dispar (Vanhanen et al., 2007). Hlásny and
Turcány (2009) expect altitudinal range shifts and a doubling of
outbreak areas by 2015 compared to 1951–1980 for Slovakia.
Populations of I. typographus will benefit from a fully developed
second generation; in certain regions even a third generation.
Outbreaks of bark beetles (e.g. I. typographus and Pityogenes

chalcographus) will generally be fuelled by abiotic disturbances
such as wind throw or drought (Wermelinger, 2004). Drought
stress of trees will predispose forests also to infestation by other
insect herbivores and fungal diseases, such as Armillaria spp.
(Wargo and Harrington, 1991). Tree dieback due to Armillaria is

also reported in association with oak decline, together with an
assortment of fungal pathogens (e.g. Phytophthora quercina),
during periods of soil water deficits (Balci and Halmschlager,
2003).

3.3.3. Potential impacts on forest goods and services

By the end of the century net primary production (NPP) of
conifers is likely to decrease in continental and central Europe due
to water limitations (Lexer et al., 2002). Beyond a temperature
increase of approximately 1 8C (with no changes in precipitation)
impacts may become widespread and severe, rendering low-
elevation sites unsuitable for Picea abies as a crop species (Lexer
et al., 2002). A study from a continental region in the north-eastern
German lowlands projected decreases in wood production in the
order of �10% (Lasch et al., 2002a).

In Slovenia, at the northern climatic limit of olive trees, frost
occurrence is projected to further restrict the distribution range of
the species (Ogrin, 2007).

Carbon sequestration may increase in the short to mid term,
especially in the northern parts of the region (Vucetich et al., 2000;
Reed and Nagel, 2003), but towards the end of the century, forests
could turn into a source of carbon (Eggers et al., 2008). While
targeted management has the potential to increase carbon
sequestration disturbances might reduce C stocks (Seidl et al.,
2008a,b).

3.4. Mediterranean zone

3.4.1. Exposure

Annual mean temperatures are projected to increase in the
order of 3–4 8C (4–5 8C in summer and 2–3 8C in winter). Yearly
rainfall is expected to drop by up to 20% of current annual
precipitation (up to 50% less in summer), whereas winter
precipitation is expected to increase. Changes in frequency,
intensity, and duration of extreme events are likely to result in
more hot days, heat waves, heavy precipitation events, and fewer
cold days.

3.4.2. Sensitivity

Rising temperatures and the projected decrease in rainfall will
magnify drought risk. Photosynthesis will decrease during hot
spells and biomass growth and yield are expected to decline. Even
drought-adapted ecosystems are influenced by drought (Rambal
et al., 2003) and increased drought is likely to lead to reduced plant
growth and primary productivity (Ogaya et al., 2003) and altered
plant recruitment (Lloret et al., 2004). Over the last 50 years, a
temperature increase of 1.4 8C (with stable annual precipitation)
has already resulted in progressive replacement of European beech
(F. sylvatica) by Holm oak (Quercus ilex) in the higher elevations of
the Pyrenees (Peñuelas and Boada, 2003). The main causes were
reduced recruitment and increasing defoliation of beech. More-
over, other studies show that long-term drought stress reduced the
productivity of beech forests at the southern range edge (Jump
et al., 2006). Prolonged droughts and hot spells will further
aggravate forest fire risks. Forest fires will become an even larger
threat to Mediterranean forestry and human well-being in rural
areas (Moriondo et al., 2006). Frequent fires can increase soil
erosion due to enhanced hydrophobicity (Certini, 2005) and
reduced plant regeneration (Delitti et al., 2005). In dry areas,
desertification may accelerate. Distributional shifts of insect
populations are probable (Battisti, 2004; Hodar and Zamora,
2004) and highly thermophilic pathogen species are likely to
become more virulent. Typical components of the endophytic
microflora inhabiting Mediterranean tree species, such as B.

mediterranea on Quercus spp. and D. pinea on Pinus spp. may
develop rapidly in case of water stressed host trees and cause
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sudden forest dieback. Such shifts from latency to pathogenic stage
in case of fitting environmental conditions (drought) may pose a
considerable threat to southern forests under a changing climate
(Desprez-Loustau et al., 2006; Maresi et al., 2007).

3.4.3. Potential impacts on forest goods and services

Wood production is expected to decline, as the negative effect
of the increase in temperature will be likely not compensated by
the positive effects of increasing atmospheric CO2 concentration.
Scots pine (Pinus sylvestris) has increased stem growth during the
20th century in Catalonia, but increasing temperatures had already
negative impacts on drier sites (Martı́nez-Vilalta et al., 2008). The
increased fire risk will further reduce wood production and
decrease timber values in burned areas.

The production of non-wood products – particularly important
in the Mediterranean region – will also be negatively affected by
climate change. There is a clear relationship between mushroom
production and rainfall (Martı́nez de Aragón et al., 2007). It can be
inferred that a decrease in precipitation with increased droughts
will likely reduce mushroom production.

Carbon sequestration rates and the net carbon balance will be
strongly influenced by disturbances, especially by projected
increases in frequency and intensity of forest fires and by the
negative impacts of drought on forest growth and productivity.

The forecasted global warming and fire increase may trigger
irrecoverable biodiversity losses and shifts in vegetational
composition within a few decades or centuries at most. Fire and
drought-sensitive vegetation types seem particularly threatened
by large-scale displacement (Colombaroli et al., 2007).

3.5. Mountainous regions

3.5.1. Exposure

European mountain regions may experience somewhat higher
increases in temperature compared to the surrounding regions. In
the Alps, for instance, temperature increases twice as the global
average were observed over the last century (Auer et al., 2007).
Changes in precipitation amount and patterns are subject to high
uncertainty and will be strongly determined by local geomorphol-
ogy.

3.5.2. Sensitivity

Considering the high heterogeneity in geomorphology, micro-
climate and soil formation that are characteristic for mountain
areas, climate change sensitivities strongly vary at local and
regional scales. Tree growth is expected to decrease on water-
limited sites due to increasing drought stress, particularly in
Mediterranean mountain ranges as well as lower elevation
foothills and dry valleys of the Alps and Carpathians (Rebetez
and Dobbertin, 2004; Jump et al., 2006). Sites currently limited by
temperature (i.e. at higher elevation) can generally expect growth
increases as a result of warming (Tardif et al., 2003; Bolli et al.,
2007; Büntgen et al., 2007). Furthermore, disturbance regimes in
mountain areas are expected to be substantially affected by
changes in climate. Whereas historically limited by harsh
environmental conditions, large areas of coniferous forests in
the European temperate mountain ranges will become an
increasingly suitable habitat for poikilotherm insects (e.g. I.

typographus, Seidl et al., 2009)). In the last 15 years increasing
damage by I. typographus and P. chalcographus has already been
observed e.g. in the Alps (Krehan and Steyrer, 2004; Engesser et al.,
2005) due to enhanced multivoltinism (Bale et al., 2002; Baier
et al., 2007; Hlásny and Turcány, 2009), but also triggered by large
wind throw events (e.g. Viviane in 1990, Wiebke in 1992).
Altitudinal range expansions due to warmer temperatures have
also been documented for other insect pests, e.g. T. pityocampa in

the North Italian Alps (Battisti et al., 2006). Forest fires, particularly
difficult to combat in complex mountainous terrain, are likely to
increase in the Pyrenees and become a relevant disturbance factor
also in temperate mountain ranges (Schumacher and Bugmann,
2006). Overall, the ecosystem dynamics of European mountain
forests will be distinctly affected by climate change, changing plant
species competitivity and subsequent distribution, structure and
composition of mountain forests (Lexer et al., 2002; Skvarenina
et al., 2004). In particular the highly temperature sensitive tree line
ecotone will respond to warming by an upward shift where
suitable micro-sites are available (Camarero and Gutierrez, 2004;
Bolli et al., 2007; Peñuelas et al., 2007). Alleviated stress from
snow-dependant fungi such as Phacidium infestans, Herpotrichia

juniperi, G. abietina (Nierhaus-Wunderwald, 1996; Senn, 1999)
might contribute to this trend.

3.5.3. Potential impacts on forest goods and services

Timber production as well as carbon sequestration will be
significantly affected by changes in productivity and intensified
disturbance regimes (Zierl and Bugmann, 2007; Seidl et al., 2008a).
The patterns and distribution of these impacts will be strongly
related to the steep environmental gradients of mountainous
areas. In many mountain forests climate change will broaden the
silvicultural decision space, e.g. due to an increasing number of
climatically suitable broadleaved species in montane and sub-
alpine vegetation belts of the Alps and Carpathians.

The provision of drinking water is an important ecosystem
service of mountain forests. Intensified large-scale disturbances
like forest fires, wind throws and pest outbreaks may lead to
changes in runoff as well as in percolation and water quality (i.e.
intensified erosion and increased suspended loads). Moreover,
water quality will be negatively influenced by intensified
decomposition of litter and humus due to extensive canopy
openings following disturbances and increased temperatures,
leading to leaching of nitrate (Jandl et al., 2008).

Vital for densely populated mountain areas is the protective
function of forests against natural hazards like flooding, debris
flow, landslide, rock fall and avalanches. Climate change might
alter frequency and magnitude of these gravitational processes,
e.g. via changes in precipitation amounts and patterns, snow load,
or frost–thaw cycles. The protective effect of forests will suffer
strongly from intensified disturbance regimes (Schumacher and
Bugmann, 2006). Yet a temperature-induced upward shift of the
tree line will improve protection against natural hazards by
stabilizing soils and erodible masses, reducing avalanche starting
zones and dampening runoff peaks. For highly specialized alpine
and nival plant communities such an upward shift of the tree line
ecotone poses a substantial threat (Theurillat et al., 1998). In
managed forests however, where human interventions are
strongly affecting biodiversity, the increasing competitiveness of
species-rich broadleaved forest communities may even promote
overall biodiversity compared to prevailing conifer-dominated
ecosystems (Kienast et al., 1998).

4. Adaptive capacity in European forestry

Adaptive capacity has two components: the inherent adaptive
capacity of trees and forest ecosystems and the socio-economic
factors determining the ability to implement planned adaptation
measures.

4.1. Inherent adaptive capacity

The inherent adaptive capacity encompasses the evolutionary
mechanisms and processes that permit tree species to adjust to
new environmental conditions. Tree species have been exposed
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during their evolutionary history to long term ‘‘natural’’ environ-
mental change, and have shown capability to respond and adapt to
these changes. Translated in genetic terms, climate change
represents a gradual directional environmental shift that is
sporadically shaken by stochastic extreme events. Different
evolutionary mechanisms in genetic adaptation have been
identified and they are acting at different hierarchical levels: (i)
at the individual level they include individual heterozygosity,
acclimation and epigenetic responses; (ii) natural selection occurs
at the population level; (iii) at the species level local adaptation is
enhanced by gene flow and new sites are colonised; (iv) at the
community level competition and facilitation among tree species
take place and interspecific hybridization occurs.

Individual heterozygosity accounts for genetic diversity at a
single tree level and has been observed e.g. in response to air
pollution (Müller-Starck, 1988). Acclimation response over the
lifetime of a tree has been observed e.g. for the gradual decrease of
leaf stomatal density on a single birch tree over 50 years in
response to increasing atmospheric CO2 content (Wagner et al.,
1996). Many epigenetic responses have been documented in plants
as a response to temporary, severe environmental or biotic stresses
(Madlung and Comai, 2004). For instance, the ‘‘maternal effect’’ in
P. abies showed that trees are influenced by the environmental
conditions prevailing during the development of the embryo
(Skrøppa et al., 1994). The timing of bud break in spring, leader
shoot cessation in summer, bud set in autumn and the lignification
of the annual ring are all advanced or delayed according to
temperature during female reproduction. Recent studies indicated
that in some cases environmentally induced epigenetic changes
may be inherited by future generations (Bossdorf et al., 2008).

Local adaptation underlies natural selection, which drives
populations towards higher fitness to meet environmental
changes. Continuous shifts in gene frequencies or phenotypic
values of traits are well documented through results of provenance
tests (König, 2005).

Local adaptation at species level can be increased by ‘‘incoming
genes’’ via pollen stemming from populations exhibiting higher
fitness than the receiving population (Lenormand, 2002; Smouse
and Sork, 2004). In the case of directional environmental changes
towards higher temperature, it is likely that populations from
more southern latitudes may constitute valuable pollen source
populations in this respect.

Postglacial history of forest tree migration in Europe
suggests that natural distribution range shifts are restricted, at
maximum, to 10–70 km per century (Birks, 1989; Brewer et al.,
2002), not taking into account migration barriers through land
fragmentation.

Biotic interactions are recognised as one of the most important
filters of community composition (Lortie et al., 2004). Competition
may result in more negative species interactions under climate
warming (Klanderud, 2005), whereas in cold arctic environments,
positive interactions through facilitation may also buffer the effect
of climate change on beneficiaries species (Wipf et al., 2006).

Limited knowledge is available on the pace of the evolutionary
processes. Past seed dispersion data obtained by fossil pollen
records suggest that the speed of future natural dispersion may not
be able to keep up with the shift of bioclimatic envelopes of trees
species (Solomon, 1997). Strong differences are anticipated
between species having continuous distribution and species with
scattered distribution, the former benefiting more from positive
interactions between natural selection and gene flow. The rate of
adaptive change may also be quite different between the leading
edge and the rear end of species distributions. Populations at the
northern and eastern limit will be at the leading front of range
shifts and may benefit from immigrating genes via pollen flow
from southern latitudes. At the rear edge, adaptation may be more

constrained because populations are deprived of gene flow from
‘‘preadapted’’ populations.

Maintaining or improving the genetic adaptive capacity of
populations and species is important to facilitate natural adapta-
tion to climate change especially in the long term. However,
understanding these mechanisms is crucial also in the short term,
as inherent adaptive capacity can be supported with planned
adaptation measures.

4.2. Socio-economic adaptive capacity

Socio-economic factors that determine adaptive capacity to
climate change include economic development, technology and
infrastructure, information, knowledge and skills, institutions,
equity and social capital (McCarthy et al., 2001). In the ATEAM
project (Schröter et al., 2005), a generic adaptive capacity index
was calculated, but this index did not include individual abilities to
adapt and thus underestimated the important social dimension of
adaptive capacity (Adger et al., 2007). The socio-economic
adaptation capacity related to the forest sector has rarely been
analysed in EU27 up to now. Keskitalo (2008) pointed out that
external factors such as globalisation and demands for rationalisa-
tion and profitability are constraining the adaptive capacity in the
forestry sector. Economic viability in the context of limited
resources was an important issue for most of the forest
stakeholders interviewed in a case study in Northern Sweden.
Relative to the huge contrast between more and less developed
countries at global scale, socio-economic conditions are compar-
ably similar within Europe. Nevertheless, there are significant
differences in socio-economic conditions within the forest sector
in Europe and these will affect the adaptive capacity to respond to
climate change in forestry. Adaptive capacity in case study regions
in Northern Sweden and Northern Finland was found to be much
higher than in the neighbouring region in Northwest Russia
(Lundmark et al., 2008).

Northern Europe is an area of intensive forest management.
Forest sector development has been very dynamic in this region
with many innovative technological developments, documenting a
very high adaptive capacity. Natural resource conditions are very
different in large parts of Southern Europe, where many forests are
located on sites having low potential for environmentally
sustainable wood production due to a combination of limiting
factors (low site fertility, terrain steepness, high soil erosion risk).
Social and environmental forest ecosystem services are far more
important (e.g. biodiversity conservation, watershed protection,
carbon sequestration, landscape beauty and recreation).

The lack of economic activity in forestry and of systems for the
remuneration of forest social and environmental services are
constraining adaptive capacity in Southern Europe, because
adaptation would need to be implemented top down (i.e. by policy
incentives or societal activities) with little support from forest
owners and the forest sector. Forest ownership structures in
general can also influence adaptive capacity. Management tradi-
tions and decision making structures are more variable in privately
owned forests compared to large public forest holdings. Individual
interests in forest management and preferences for management
objectives as well as risk perception differ and this tends to enhance
diversity in forest structures and silviculture. This diversity may
support the inherent adaptive capacity as discussed in the previous
section. On the other hand, small and fragmented privately owned
forests are often poorly managed, constituting a barrier to efficient
wood resource utilization and adaptive management practices.
Forest co-operations and active support from public forestry
administration are possible measures alleviating the constraints.
But without them, adaptive capacity is likely to be smaller in
regions with a big share of fragmented forest holdings.
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Availability or shortage of forest sector work force is another
socio-economic factor that differs between regions. Together with
the education level of forest workers, which is more or less closely
related, this will also influence the adaptive capacity in the forest
sector.

The adaptive capacity in the forest sector is relatively large in the
Boreal and the Temperate Oceanic regions. In the Temperate
Continental region adaptive capacity in the forest sector is more
strongly affected by socio-economic constraints. Adaptive capacity
is strongly limited in the Mediterranean region where large forest
areas are only extensively managed or unmanaged. Complex
terrain in mountain regions poses a considerable constraint to
forest infrastructure and technology (e.g. road networks, harvest-
ing machinery) which reduces adaptive capacities compared to
more accessible lowland forests.

5. Vulnerability to climate change in Europe – risks and
opportunities

Climate change is now recognised as one of the most serious
challenges facing the world – its people, the environment and its
economies. The changing climate is also a major challenge for EU
forests and forestry. We reviewed the currently available literature
on potential impacts of climate change on European forests. While
sensitivities and the areas of climate risks and opportunities are
increasingly well understood, a spatially stratified quantification of
climate change effects is still widely missing. In general we expect
that improved forest productivity in the Boreal region will create
opportunities for increased utilization of forest resources in the
mid to long term. However, reduced availability of timber due to
inaccessibility of forest resources on wet soils outside the frost
period will pose a threat to the industry. Extreme events such as
storms, droughts, flooding, and heat waves are probably the most
important threats in Temperate Oceanic regions. Drought risk is an
important threat especially under water-limited conditions in
Temperate Continental and the Mediterranean regions. The
extreme forest fire risk is the largest threat in the Mediterranean
region. For European mountain regions steep elevation gradients
and increased spatial heterogeneity are superimposing these
trends. While the relaxation of climatic limitations in high
elevation areas offers opportunities for forest management,
increasing disturbances might counteract and be detrimental,
e.g. for the particularly important protective function of mountain
forests.

Assessing potential impacts of climate change needs to consider
general trends in climate variables, short-term climate variability,
and the interactions with biotic and abiotic disturbances.
Especially in northern and western Europe the increasing atmo-
spheric CO2 content and warmer temperatures will result in
positive effects on forest growth and wood production – at least in
the short–medium term. On the other hand, increasing drought
and disturbance risks will cause adverse effects. These negative
impacts are very likely to outweigh positive trends in southern and
eastern Europe. With more drastic changes in climate towards the
end of the 21st century, severe and wide ranging negative climate
change impacts have to be expected in most European regions.

The regional review of climate change sensitivities and
potential impacts revealed significant spatial asymmetry in
systems understanding. A majority of climate change impact
studies address the Boreal and parts of the Temperate region,
whereas for example hardly any specific regional knowledge was
found from southeastern Europe. The same holds for the strongly
heterogeneous European mountain ranges, where a considerable
number of studies focus on the European Alps while the knowledge
base for the Carpathians and Pyrenees was distinctly less dense.
Potential impacts and risks are best studied and understood with

respect to wood production. It is clear that all other goods and
services provided by European forests will also be impacted by
climate change, but much less knowledge is available to quantify
these impacts.

It needs to be emphasized that the reviewed climate change
sensitivity and impact assessments still contain large uncertain-
ties. Ecosystem responses to gradual changes are easier to project,
but the effects of climate variability and extreme events are
expected to be much more critical (Fuhrer et al., 2006), but also
more difficult to model. Europe has been spared so far from
devastating pest outbreaks, but the potential risk of high impact
responses to different disturbances is increasing a lot under
climate change.

It seems inevitable that European forestry will have to cope
with significant adverse impacts of climate change, at least in the
mid to long term. Reviewing our understanding of adaptive
capacity reveals that natural mechanisms of inherent adaptive
capacity are diverse and will support adaptation of forests to
climate change. However, natural processes alone are too slow to
cope with the projected rates of environmental change. For
example, pollen dispersal distances facilitating gene flow from
southern provenances are not of the same magnitude then the shift
of isotherms and the associated bioclimatic envelopes of species
(cf. Thuiller et al., 2008). Understanding of genetic adaptive
processes is still evolving and no attempts have been made so far to
quantify their potentials. However, from European biogeography it
can be inferred that adaptive capacity is smallest at the rear edge of
the forest biome, where only short-term adaptation and plasticity
are able to counteract the threat of extirpation of forest species
under less suitable climate conditions. There are considerable
differences in socio-economic adaptive capacity within Europe and
it is worrying that this is smallest in the Mediterranean region
where the largest potential impacts are expected. Consequently,
vulnerability to climate change is larger in that region compared to
the rest of Europe.

Vulnerability can be defined as the degree to which a system is
susceptible to be affected by adverse effects of climate change. The
vulnerability of a given system is influenced by the climate
variation to which this system is exposed, its sensitivity, and its
adaptive capacity to respond to the potential impacts (Kelly and
Adger, 2000; Füssel and Klein, 2006). The vulnerability of
ecosystem goods and services to climate change was first assessed
in Europe within the ATEAM project (Schröter et al., 2005; Metzger
et al., 2008), where vulnerability was interpreted as ‘‘The degree to

which an ecosystem service is sensitive to global change + the degree

to which the sector that relies on this service is unable to adapt to the

changes’’. The ATEAM assessment of vulnerability, risks and
opportunities for European forests (Eggers et al., 2008) represents
the state-of-the-art in this field, but it has clear limitations
regarding (i) the climate scenarios that were available, (ii) a
relatively coarse resolution of the results due to the aggregation
level of regional forest inventory data, and (iii) the lack of
consideration of adaptive capacity and planned adaptation in
forest management. Metzger et al. (2008) linked forest assessment
results with an adaptive capacity index calculated across Europe
and concluded that vulnerability of the forest sector to climate
change was rather low. However, due to the limitations listed
above, this assessment has to be interpreted with caution. Despite
a large adaptive capacity, society may not take the necessary steps
for implementing adaptation (Adger et al., 2007) and a compre-
hensive assessment of vulnerability, risks and uncertainties
consequently needs to better address the specific adaptive capacity
in the forest sector.

Very few European studies have assessed climate change
vulnerability of the forest sector at regional scales. In northern
Europe, vulnerability to climate change and extreme events
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increases the more dependent a region is on the employment
generated by the forest sector (Lundmark et al., 2008). Keskitalo
(2008) studied forest sector vulnerability in a small case study in
Northern Sweden and stressed the importance of globalisation and
other socio-economic changes superseding vulnerability to cli-
mate change. Similar results were shown for vulnerability of
reindeer husbandry to climate change (Rees et al., 2008). Seidl et al.
(in press) found mountain forests in Austria highly vulnerable to
climatic change under the current management regime, particu-
larly in the second half of the 21st century. Sustainable forest
management indicators such as productivity and forest health
decreased significantly (i.e. high sensitivity) in combination with
stable or moderately decreasing ecological and economic system
states (i.e. adaptive capacity).

Other regional scale vulnerability assessments of the European
forest sector are missing to date. Such studies, however, would be
particularly valuable amending continental scale analysis as
vulnerability is strongly scale dependent (O’Brien et al., 2004).
From our assessment of potential impacts and adaptive capacity in
European regions we have to conclude that especially the
Mediterranean region is highly vulnerable to climate change.
Considerable risks occur also in all other regions and therefore the
assessment of regional vulnerability to climate change including
quantified risks and opportunities requires more investigation and
constitutes a clear research need.

The remaining knowledge gaps, both with regard to systems
understanding and assessment methodology, are crucial to the
design of adaptive management strategies and essential to the
sustainable management of European forest resources under
climate change. Regional vulnerability assessments can serve as
basis for targeted adaptation strategies (Füssel and Klein, 2006).
Yet we need a better understanding of aspects such as adaptive
capacity, including also the operational level. Vulnerability
research needs to be interdisciplinary, covering not only ecological,
but also economic and social perspectives. A broad research
agenda ranging from the improvement of regional climate change
projections to strengthening the understanding of tree responses
and adaptive capacity of the forest sector is required. This should,
to extent possible, be harmonized with existing and improved
monitoring networks and foster the development of projection
tools. Such an integrated research agenda could provide informa-
tion at all levels of decision making, from policy development to
the management unit.

While the majority of climate change impacts are likely to be
negative – especially in the long-term – it should not be forgotten
that some opportunities arise as well (e.g. improved tree growth,
northward expansion of potential distribution of some tree
species, potentially more favourable conditions for summer
recreation in mountainous regions). Utilizing such benefits, even
if they are only of temporary nature, could increase the adaptive
capacity of the sector and support long-term adaptation and
innovation to better cope with climate change.

The vast majority of literature on climate change impacts and
vulnerability of the forest sector is of theoretical nature and a huge
gap between theory and practice can be observed. Potential
impacts are often far away from realistic projections. A good
example is projected impacts on biodiversity. Most existing studies
rely on environmental envelop approaches which suggest that
there will be a shift in the natural species composition from
coniferous dominated forests towards broadleaved species (e.g.
Thuiller et al., 2006). However, it is still less understood how fast
species will retrieve from areas that are no longer matching their
natural ecological niche. As the majority of European forests is
intensively managed, management effects will strongly influence
the transition by either maintaining economically important
species outside their natural range (this has been the case with

Norway spruce, Spiecker et al., 2004) or by supporting the
regeneration of new target species. Another shortcoming is that
effects of intensified disturbance regimes are often not included in
current impact assessments, whereas in reality reactions of forest
managers are often triggered by disturbance induced impacts.

There will be a continuous challenge to provide scientific
knowledge in a form that also local managers and policy makers
can utilize. But despite of two decades of quite active research,
there are currently still many weak areas, where potential impacts
are not well understood. More importantly, understanding of
adaptive capacity and regional vulnerability to climate change in
European forests is not well developed and requires more focussed
research efforts.
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Büntgen, U., Frank, D.C., Kaczka, R.J., Verstege, A., Zwijackz-Kozica, T., Esper, J., 2007.
Growth responses to climate in a multi-species tree-ring network in the
Western Carpathian Tatra Mountains, Poland and Slovakia. Tree Physiology
27, 689–702.

Callaghan, T.V., Björn, L.O., Chernov, Y., Chapin, T., Christensen, T.R., Huntley, B., Ims,
R.A., Johansson, M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W.,
Shaver, G., Elster, J., Henttonen, H., Laine, K., Taulavuori, K., Taulavuori, E.,
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Ruel, J.C., 2000. Wind and other abiotic risks to forests. Forest Ecology and
Management 135, 1–2.
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Visscher, H., 1996. A natural experiment on plant acclimation: lifetime stomatal
frequency response of an individual tree to annual atmospheric CO2 increase.
Proceedings of the National Academy of Sciences U.S.A. 21, 11705–11708.

Wallenius, T.H., 1999. Yield variations of some common wild berries in Finland in
1956–1996. Annales Botanici Fennici 36, 299–314.

Wargo, P.M., Harrington, T.C., 1991. Host stress and susceptibility. In: Shaw, C.G.,
Kile, G.A. (Eds.), Armillaria Root Disease. Forest Service, United States Depart-
ment of Agriculture, Washington, D.C., pp. 88–101.

Wermelinger, B., 2004. Ecology and management of the spruce bark beetle Ips
typographus – a review of recent research. Forest Ecology Management 202, 67–
82.

Westgarth-Smith, A.R., Leroy, S.A.G., Collins, P.E.F., Harrington, R., 2007. Temporal
variations in English populations of a forest insect pest, the green spruce aphid
(Elatobium abietinum), associated with the North Atlantic Oscillation and global
warming. Quaternary International 173–174, 153–160.

Williams, D.W., Liebhold, A.M., 1995. Herbivorous insects and global change:
potential changes in the spatial distribution of forest defoliator outbreaks.
Journal of Biogeography 22, 665–671.

Wipf, S., Rixen, C., Mulder, C.P.H., 2006. Advanced snowmelt causes shift towards
positive neighbour interactions in a subarctic tundra community. Global
Change Biology 12, 1–11.

Wittig, V.E., Ainsworth, E.A., Naidu, S.L., Karnosky, D.F., Long, S.P., 2009. Quantifying
the impact of current and future tropospheric ozone on tree biomass, growth,
physiology and biochemistry: a quantitative meta-analysis. Global Change
Biology 15, 396–424.

Wullschleger, S.D., Tschaplinski, T.J., Norby, R.J., 2002. Plant water relations at
elevated CO2 – implications for water-limited environments. Plant, Cell and
Environment 25, 319–331.

Zierl, B., Bugmann, H., 2007. Sensitivity of carbon cycling in the European Alps to
changes of climate and land cover. Climatic Change 85, 195–212.

M. Lindner et al. / Forest Ecology and Management 259 (2010) 698–709 709


