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uropean mountainous areas, in

contrast to many other mountain

regions of the world, have high
population densities and consequently
many potentially conflicting demands
on the environment. Forest ecosystems
are key elements in the land-use matrix
of these areas, providing a variety of
goods and services to human livelihood.
Expected climate change, however,
could place these ecosystem services
at risk because of the high exposure of
European mountain ecosystems.

In the Alps, for instance, the observed
total temperature increase over the
second half of the twentieth century
was roughly twice the global average.
Regional projections from state-of-the-
art climate models indicate that this trend
will continue in the twenty-first century,

with an expected warming of approxi-
mately 3.5 to 4°C in summer and little
less in other seasons between today and
2100 (Christensen et al.,2007). Changes
in precipitation and windstorm patterns
are still highly uncertain and will be
strongly influenced by the local geo-
morphological heterogeneity of moun-
tainous landscapes. In central European
mountain areas precipitation patterns are
expected to shift towards more moist
conditions in winter and increasingly
dry summers. This trend is projected to
be even stronger in the Mediterranean,
where distinct decreases in precipitation
during the vegetation period are expected

Mountain forests provide
multiple goods and services
to local communities, for
example in the Stubai Valley in
the Central Alps, Austria
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to be amplified by warming of up to 4°C
by the end of the twenty-first century
(Christensen et al., 2007).

This article reviews ecosystem sen-
sitivities, future impacts on goods and
services and possible adaptation options
in relation to expected climatic changes
in temperate and Mediterranean moun-
tain forests in Europe. It focuses on the
main mountain ranges in these climatic
zones — the Alps, Carpathians and Pyr-
enees —and covers a variety of (current)
forest types, ranging from thermophilous
broadleaved evergreen and dry conifer-
ous forests to alpine coniferous forests
and temperate continental deciduous
forests. Itis part of arecentin-depth pan-
European synthesis on climate change
and forestry (Lindner et al., 2008).

FOREST ECOSYSTEM
SENSITIVITIES
Changes in temperature, water availabil-
ity and disturbance regimes are likely to
lead to changes in productivity of forest
ecosystems, particularly in those already
limited by either temperature or water.
An increased atmospheric CO, content
may also influence productivity, but the
effect on different tree species is not yet
fully known (Korner et al., 2005).
Athigher elevations, warmer tempera-
tures and less harsh environmental con-
ditions have already resulted in higher
growth rates. Continuing lengthening
of the vegetation period might inten-
sify this effect, but might also stimulate
earlier budburst which could increase
the susceptibility of trees to late frosts.
Nevertheless, a positive growth trend
is expected to continue, particularly at
sites not restricted by water availability
(Bolli, Rigling and Bugmann, 2007).
At low elevations and in dry inner
alpine valleys, changing precipitation
patterns and increasing temperatures
may resultin drought stress, which could
decrease productivity. This has already
been observed recently, for instance in
the upper Rhone Valley in Switzerland
(Rebetez and Dobbertin, 2004).

Unasylva 231/232, Vol. 60, 2009

Subalpine Picea abies |
forest infested with
the bark beetle Ips
typographus, which
has already benefited
from temperature P8
changes and
increasing drought |
stress, which make |3
host trees more
susceptible (inset:
characteristic larval
galleries of
I. typographus)

An increase in drought stress might
also increase vulnerability of mountain
forests to biotic disturbance agents, with
implications ranging from increased tree
mortality at the stand level to drastic
consequences on a larger scale as the
system’s resilience is exceeded (Raffa
et al., 2008).

Warmer and drier conditions also make
alpine forest ecosystems more prone to
abiotic damage. Periods of drought,
especially during winter and spring,
promote forest fires, which are expected
to increase not only in the already arid
and fire-influenced Pyrenees but also
in the Alps, where wildfires have been
of only minor importance historically
(Reinhard, Rebetetz and Schlaepfer,
2005; Schumacher and Bugmann, 2006).
While the influence of climate change
on storm frequency and severity is
still uncertain, the greater number of
disastrous storm events in Central Europe
over the pasttwo decades (e.g. “Viviane”
in 1990, “Lothar” in 1999, “Kyrill”
in 2007) underlines an increasing
susceptibility.

Abiotic damage is a main factor con-
tributing to the risk of biotic disturbance,
such as infestation by defoliatiors (e.g.
Battisti, 2004) and mass outbreaks of sec-
ondary species of bark beetles (Nierhaus-
Wunderwald and Forster, 2000). Norway

spruce (Picea abies) forests impaired by
drought stress or windthrow are highly
predisposed to attack by the spruce bark
beetles Ips typographus and Pityogenes
chalcographus, which also benefit from
increased summer and winter tempera-
tures (Wermelinger, 2004). At present
the spatial distribution of the host tree
species extends beyond the beetles’
thermal range, but the upward shift of
climatic conditions that are beneficial to
the insects will presumably trigger bark
beetle outbreaks in coniferous forests at
high elevations (Seidl et al., 2009).
Although development of many poiki-
lotherm organisms (organisms with body
temperature that varies with the surround-
ing temperature, e.g. insects) is positively
correlated withrising temperatures, nega-
tive effects are possible for certain pest
species. Increased winter temperature
may impair the inhibition or maintenance
of diapause (a dormant state enabling
arthropods to survive unfavourable condi-
tions), raise mortality rates of overwinter-
ing stages or prevent synchrony between
hosts and herbivores (Bale et al., 2002;
Battisti, 2004). For example, in Switzer-
land peak population densities and thus
the incidence and intensity of severe out-
breaks of the larch bud moth, Zeiraphera
diniana (a cyclical defoliator of inner
alpine larch stands) have been diminishing
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over the past 30 years in coincidence with
the trend of climatic warming, probably
owing to increased egg and larval mor-
tality (Esper et al., 2007).

Overall, simulation studies have indi-
cated that the niches of forest tree spe-
cies are highly sensitive to climatic
changes; as a result species distribution
and composition may be altered. In the
Alps and the Carpathian Mountains the
potential area of broadleaved tree species
isexpected to increase relative to conifers
(Lexeretal.,2002; Skvarenina, Krizova
and Tomlain, 2004). In the Montseny
Mountains in Spain, for instance, the
distributions of Quercus ilex and Fagus
sylvatica have already shifted towards
higher elevations during recent decades
(Pefiuelas et al., 2007). The tree line
will also rise where suitable microsites

become available as aresult of decreased
tree mortality and increased growth and
reproduction where temperature is cur-
rently limiting. For example, upward
movement of tree lines dominated by

Picea abies and Pinus cembrain the Alps
has already been observed inrecent years.
However, tree lines are sensitive not only
to changes in climate but also to land-
use changes which may either offset or
amplify climatic effects (Gehrig-Fasel,
Guisan and Zimmermann, 2007).

POTENTIAL IMPACTS ON FOREST
GOODS AND SERVICES

The forest ecosystem sensitivities
described above will have consider-
able impacts on mountain forest goods
and services. Timber production will
be altered not only by changes in pro-
ductivity, but also by possible losses
due to abiotic and biotic disturbance
events, particularly in coniferous stands
in the Alps and Carpathians (Seidl et al.,
2009). However, climate change will
also broaden the silvicultural portfolio
in many mountain forest ecosystems,
relaxing eco-physiological limitations
for anincreasing number of broadleaved
species.

Protective forests
shelter the Austrian
village of Hallstatt

in the Northern
Calcareous Alps
against rockfall,
avalanche and debris
flow — functions that
could be influenced
by increased forest
disturbance under
climate change

The service of carbon sequestration is
partly related to changes in productiv-
ity. Forests in the Alps are expected
to maintain their role as a carbon sink
for approximately the first half of the
twenty-first century. Later in the century
increasing respiration rates and more
frequent disturbances may lead to a
decrease in carbon sink strength, and
forests might eventually even become
a source of atmospheric carbon. Ulti-
mately, the socio-economic environment
— including the demand for forest bio-
mass, market prices for carbon seques-
tration and changes in land use — will
determine whether European mountain
forests will remain a carbon sink (Zierl
and Bugmann, 2007).

An important forest service for moun-
tainous regions as well as for adjacent
metropolitan areas is the provision of
drinking-water. Large-scale distur-
bances may lead to increased runoff
and consequently reduced water stor-
age in catchments. This may result in
decreasing water security as well as
increased soil erosion, flooding and
debris flow activity. Furthermore,
accelerated decomposition of organic
matter as a result of canopy openings
(from disturbances) and increased tem-
peratures may stimulate the leaching of
nitrates and other nutrients, diminish-
ing water quality (Jandl et al., 2008).
Climate-induced glacier shrinkage could
threaten the water balance of some inner
alpine regions. Retreating glaciers may
no longer be able to balance the river
discharge during hot and dry summer
months, with reduced water availability
as a result (Zappa and Kan, 2007).

Protection against natural hazards such
as flooding, debris flow, landslide, rock-
fall and avalancheis an ecosystem service
of high importance in densely populated
mountain areas. Net impacts of climate
change on this forest function will be a
result of the combined effects on forest
dynamics and on the magnitude and fre-
quency of such hazardous processes. In
general, increasing disturbances such
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Tree line dominated by Picea
abies on Mount Speikkogel,
Austria is highly sensitive to
climatic changes; a rising tree
line can be expected to provide
stability for greater protection
against hazards, but may also
influence biodiversity

as bark beetle infestations, windthrow
and fire will have a strong negative
impact on protective functions of forests
(Schumacher and Bugmann, 2006). Con-
versely, a rising tree line might support
protection against hazards by stabiliz-
ing erodible masses, reducing avalanche
starting zones, dampening runoff because
of increased interception and water con-
sumption, and stabilizing soils through
deeper and more intense rooting.

A rising tree line may also influence
the conservation of biodiversity. Plant
species diversity in the alpine and nival
zones is likely to be adversely affected
by upward shifts of subalpine forest and
shrubland communities, for example the
Pinus mugobeltin the Alps (Theurillat et
al., 1998). In managed forests, however,
where biodiversity is strongly influenced
by forest management interventions, the
increasing competitiveness of species-
rich deciduous forest communities at
higher elevations may promote overall
biodiversity.

OUTLOOK: NEEDS AND OPTIONS
FOR ADAPTATION

In many European mountain forest eco-
systems, adaptation measures will be
required to counteract adverse climate
change impacts and maintain ecosystem
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goods and services. Local biophysical
and socio-economic conditions need to
be considered in the development of
these measures. Thus only a broad set
of general options for adapting forest
management to climatic changes is dis-
cussed here.

The choice of suitable forest reproduc-
tive material (i.e. provenances and geno-
types) and species adapted to expected
future conditions is of paramount impor-
tance for sustainable forestry. Expected
drought effects can be mitigated by
establishing stands with wider spacing
and adapting suitable tending and thin-
ning schemes (Spiecker, 2003). In times
of changing disturbance regimes, pre-
ventive (e.g. pest monitoring) and reme-
dial (e.g. sanitation felling, pest control)
forest protection routines are essential to
minimize adverse effects of disturbances
on the provision of forest goods and ser-
vices. To sustain the protective function
continuous forest cover is important; this
requires tending and thinning practices
aimed at achieving maximum stability
of forest stands and enhancing regenera-
tion. In addition, maintaining structured
and continuous forest canopies supports
the provision of drinking-water. The
implementation of required measures in
complex alpine terrain can be supported
by improved forest infrastructure (e.g.
road network planning). Furthermore,
adaptive management options can be
supported by reducing other pressures
on mountain forest ecosystems such as
ruminant browsing and deposition of

pollutants. In general, integrated envi-
ronmental management is necessary in
European mountain regions, especially
where land-use changes (e.g. the aban-
donment of high alpine pastures) strongly
alter landscape structure.

Implementation of effective adapta-
tion measures is heavily contingent on
the availability of human resources and
expertise. Yet the knowledge base with
regard to European mountain forests is
asymmetrical in terms of subject and
location. More research has been done on
the Alps than, for instance, the Carpathi-
ans and Pyrenees. Timber production is
the service studied most frequently, while
few studies have explicitly addressed
impacts of climate change on the pro-
vision of high-quality drinking-water,
recreation or non-wood forest products.
Successful adaptive management will
depend on addressing considerable gaps
in understanding of climate change
impacts on multipurpose mountain
forests.

Furthermore, targeted research on the
implementation of adaptation strategies
is strongly needed. The development and
application of climate-smart decision
support systems and the involvement of
stakeholders can facilitate this process
and support the transfer of research to
operational adaptation measures. Scien-
tists, policy-makers and practitioners are
called to join forces to build the capacity
required to face the challenge of sustain-
able management of mountain forests
under changing climatic conditions. ¢

AHHOSOIVIN N




/il

Bibliography

Bale, J.S., Masters, G.J., Hodkinson,

I.D., Awmack, C., Bezemer, T.M.,
Brown, V.K., Butterfield, J., Buse, A.,
Coulson, J.C., Farrar, J., Good, J.E.G.,
Harrington, R., Hartley, S., Jones,
T.H., Lindroth, R.L., Press, M.C.,
Symrnioudis, I., Watt, A.D. & Whittaker,
J.B. 2002. Herbivory in global climate
change research: direct effects of rising
temperature on insect herbivores. Global
Change Biology, 8: 1-16.

Battisti, A. 2004. Forests and climate change —
lessons from insects. Forest, 1(1): 17-24.

Bolli, J.C., Rigling, A. & Bugmann, H.

2007. The influence of changes in climate
and land-use on regeneration dynamics of
Norway spruce at the treeline in the Swiss
Alps. Silva Fennica, 41(1): 55-70.

Christensen, J.H., Hewitson, B., Busuioc,

A., Chen, A., Gao, X., Held, 1., Jones,
R., Kolli, R.K., Kwon, W.-T., Laprise,
R., Magaiia Rueda, V., Mearns, L.,
Menéndez, C.G., Riisinen, J., Rinke,
A., Sarr, A. & Whetton, P. 2007:
Regional climate projections. In Climate
change 2007: the physical science basis.
Contribution of Working Group I to
the Fourth Assessment Report of the
Intergovernmental Panel on Climate
Change. Cambridge, UK & New York,
USA, Cambridge University Press.

Esper, J., Biintgen, U., Frank, D. C.,

Nievergelt, D. & Liebhold, A. 2007.
1200 years of regular outbreaks in alpine
insects. Proceedings of the Royal Society B:
Biological Sciences, 274: 671-679.

Gehrig-Fasel,J.,Guisan,A. & Zimmermann,

N.E.2007. Treeline shifts in the Swiss Alps:
Climate change or land abandonment?
Journal of Vegetation Science, 18(4):
571-582.

Jandl, R., Herman, F., Smidt, S.,

Butterbach-Bahl, K., Englisch, M.,
Katzensteiner, K., Lexer, M., Strebl,
F. & Zechmeister-Boltenstern, S. 2008.
Nitrogen dynamics of a mountain forest

on dolomitic limestone — a scenario-based
risk assessment. Environmental Pollution,
155: 512-516.

Korner, C., Asshoff, R., Bignucolo, O.,

Hittenschwiler, S., Keel, S.G., Pelaez-
Riedl, S., Pepin, S., Siegwolf, R.T.W. &
Zotz, G. 2005. Carbon flux and growth in
mature deciduous forest trees exposed to
elevated CO,. Science, 309: 1360-1362.

Lexer, M.]J., Honninger, K., Scheifinger, H.,

Matulla, C., Groll, N., Kromp-Kolb, H.,
Schadauer, K., Starlinger, F. & Englisch,
M. 2002. The sensitivity of Austrian
forests to scenarios of climatic change:
a large-scale risk assessment based on a
modified gap model and forest inventory
data. Forest Ecology and Management,
162(1): 53-72.

Lindner, M., Garcia-Gonzalo, J., Kolstrom,

M., Geen, T., Reguera, R., Maroschek,
M., Seidl, R., Lexer, M.]J., Netherer,
S., Schopf, A., Kremer, A., Delzon, S.,
Barbati, A., Marchetti, M., & Corona,
P. 2008. Impacts of climate change
on European forests and options for
adaptation. Report to the European
Commission Directorate-General for
Agriculture and Rural Development.
AGRI-2007-G4-06. Brussels, Belgium.

Nierhaus-Wunderwald, D. & Forster, B.

2000. Rindenbriitende Kdfer an Fohren.
Merkblatt fiir die Praxis No. 31. Birmensdorf,
Switzerland, Swiss Federal Institute for Forest,
Snow and Landscape Research (WSL).

Peiiuelas, J., Ogaya, R.,Boada, M. & Jump,

A.S.2007. Migration, invasion and decline:
changes in recruitment and forest structure
in a warming-linked shift of European
beech forest in Catalonia (NE Spain).
Ecography, 30(6): 829-837.

Raffa, K.F., Aukema, B.H., Bentz, B.J.,

Carroll, A.L.,Hicke, J.A., Turner,M.G. &
Romme, W.H. 2008. Cross-scale drivers of
natural disturbances prone to anthropogenic
amplification: the dynamics of bark beetle
eruptions. BioScience, 58(6): 501-517.

Rebetez, M. & Dobbertin, M. 2004. Climate

change may already threaten Scots pine
stands in the Swiss Alps. Theoretical and
Applied Climatology, 79(1-2): 1-9.

Reinhard, M., Rebetetz, M. & Schlaepfer, R.

Schumacher, S. & Bugmann, H. 2006. The

Seidl, R., Schelhaas, M.-]J., Lindner, M. &

Skvarenina, J., Krizova, E. & Tomlain,

Spiecker, H. 2003. Silvicultural management

Theurillat, J.-P., Felber, F., Geissler,

Wermelinger, B.2004. Ecology andmanagement

Zappa, M. & Kan, C. 2007. Extreme heat

Zierl, B. & Bugmann, H. 2007. Sensitivity

2005. Recent climate change: rethinking
drought in the context of forest fire
research in Ticino, south of Switzerland.
Theoretical and Applied Climatology,
82(1-2): 17-25.

relative importance of climatic effects,
wildfires and management for future forest
landscape dynamics in the Swiss Alps.
Global Change Biology, 12: 1435-1450.

Lexer, M.J. 2009. Modelling bark beetle
disturbances in a large scale forest scenario
model to assess climate change impacts and
evaluate adaptive management strategies.
Regional Environmental Change. (In press;
available at: http://dx.doi.org/10.1007/
$10113-008-0068-2)

J. 2004. Impact of the climate change on
the water balance of altitudinal vegetation
stages in Slovakia. Ekologia Bratislava,
23(Suppl. 2): 13-29.

in maintaining biodiversity and resistance
of forests in Europe — temperate zone.
Journal of Environmental Management,
67(1): 55-65.

P., Gobat, J.-M., Fierz, M., Fischlin,
A., Kiipfer, P., Schiissel, A., Velluti,
C., Zaho, G.-F. & Williams, J. 1998.
Sensitivity of plant and soil ecosystems of
the Alps to climate change. In P. Cebon,
U. Dahinden, H.C. Davies, D. Imboden
& C.C. Jaeger, eds. Views from the Alps:
regional perspectives on climate change,
pp- 225-308. Cambridge, Massachusetts,
USA, MIT Press.

of the spruce bark beetle Ips typographus — a
review of recent research. Forest Ecology and
Management, 202: 67-82.

and runoff extremes in the Swiss Alps.
Natural Hazards and Earth System Science,
7(3): 375-389.

of carbon cycling in the European Alps to
changes of climate and land cover. Climatic
Change, 85(1-2): 195-212. &

Unasylva 231/232, Vol. 60, 2009



