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a b s t r a c t

The knowledge about potential climate change impacts on forests is continuously expanding and some
changes in growth, drought induced mortality and species distribution have been observed. However
despite a significant body of research, a knowledge and communication gap exists between scientists and
non-scientists as to how climate change impact scenarios can be interpreted and what they imply for
European forests. It is still challenging to advise forest decision makers on how best to plan for climate
change as many uncertainties and unknowns remain and it is difficult to communicate these to prac-
titioners and other decision makers while retaining emphasis on the importance of planning for
adaptation.

In this paper, recent developments in climate change observations and projections, observed and
projected impacts on European forests and the associated uncertainties are reviewed and synthesised
with a view to understanding the implications for forest management. Current impact assessments with
simulation models contain several simplifications, which explain the discrepancy between results of
many simulation studies and the rapidly increasing body of evidence about already observed changes in
forest productivity and species distribution. In simulation models uncertainties tend to cascade onto one
another; from estimating what future societies will be like and general circulation models (GCMs) at the
global level, down to forest models and forest management at the local level.

Individual climate change impact studies should not be uncritically used for decision-making without
reflection on possible shortcomings in system understanding, model accuracy and other assumptions
made. It is important for decision makers in forest management to realise that they have to take long-
lasting management decisions while uncertainty about climate change impacts are still large. We discuss
how to communicate about uncertainty e which is imperative for decision making e without diluting the
overall message. Considering the range of possible trends and uncertainties in adaptive forest management
requires expert knowledge and enhanced efforts for providing science-based decision support.

© 2014 Elsevier Ltd. All rights reserved.
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Table 1
Mean climate trends for the period 2051e2080 for European regions from six RCMs
compared to the period 1951e2000 (see Supplementary material, Table S.1).

Northern Europe Central Europe Southern
Europe

Summer
temperatures

þ1.5e2.6 �C
higher in NE

þ1.3e2.7 �C
higher towards
S and E

þ2.6e4.1 �C
higher away
from coasts

Winter
temperatures

þ2.5e4.2 �C
higher in NE

þ1.5e3.5 �C higher
in E and mountains

þ2.0e2.8 �C
consistently
all over

Summer
precipitation

þ0-25% increase
higher in NE

�0e25% reduction
higher in W and S

�25e50%
reduction
higher in S

Winter
precipitation

þ5e40% higher in
N and mountains

�10�þ15%
reduction
in W and S

�35eþ15%
reduction
in S and W
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1. Introduction

More than twenty years of climate change impact research have
improved our understanding of the climate system (Krupa and
Kickert, 1989; Solomon et al., 2007; Rummukainen, 2012) and its
impact on ecosystems. While a new set of climate change pro-
jections have been made available for the Fifth IPCC Assessment
Report (van Vuuren et al., 2011), most impact assessments are still
based on the previous generation of climate change projections of
the Fourth IPCC Assessment Report (Christensen et al., 2007). These
scenarios have now been around for several years, however a
knowledge and communication gap still remains as to how these
climate change scenarios can be interpreted and what they imply
for European forestry.

The knowledge about potential climate change impacts on Eu-
ropean forests is continuously expanding (Lindner et al., 2010;
Campioli et al., 2012; Hl�asny et al., 2012; Spathelf et al., 2014) and
some changes in growth (Piao et al., 2011; S�anchez-Salguero et al.,
2012), drought-induced mortality (Allen et al., 2010), and species
distribution (Delzon et al., 2013) have already been observed.
However, it is still challenging to advise forest decision makers on
planning for climate change impacts (Ogden and Innes, 2009;
Peterson et al., 2011). Many uncertainties and unknowns remain
(Millar et al., 2007; Yousefpour et al., 2012) and it is difficult to
communicate these to practitioners and other decision makers
while retaining emphasis on the importance of planning for
adaptation (Spittlehouse and Stewart, 2003).

Because of resource and time limitations, many climate change
impact studies focus only on a small selection of climate change
scenarios instead of providing a full suite of possible futures, and
the chosen scenarios often vary between alternative impact as-
sessments. Practitioners and other decision makers often lack the
expertise to understand why different studies yield differing and
sometimes conflicting results. Observations of adverse climate
change impacts have been increasingly reported over recent years
(e.g. S�anchez-Salguero et al., 2012; Rigling et al., 2013; Ruffault
et al., 2013). In contrast, the majority of published model simula-
tions of climate change impacts indicate increasing productivity
and larger carbon stocks compared to the baseline climate (Reyer,
2013). There could be several explanations for such deviations
between observations and simulations. For example, the environ-
mental conditions at the sites with adverse observed climate
change impacts could differ from those where the models have
been applied. Another possible explanation could be that the crit-
ical factors leading to the observed impacts, especially when
extreme events are involved, are not well represented by the
simulation models. Identifying the reasons for the deviations be-
tween model results and observed growth responses to climate
change is crucial, as we often rely on model projections to explore
future climate change impacts. Communicating the uncertainty
around climate change impacts without diluting the message is a
difficult task. There are many sources of uncertainty including
those originating from future climate, from the sensitivity and
response of forests, from simulation models, and from non-climate
factors such as invasive exotic species or pests influencing climate
change impacts (Reyer, 2013; Fischer et al., 2013).

The objective of this paper is to analyze and synthesize scientific
knowledge as a basis of offering decision support to practitioners
and decision makers in forest management. Regional climate pro-
jections for Europe are discussed and recently observed changes in
mean climate variables as well as in climate extremes are
described. Observed and projected climate change impacts on Eu-
ropean forests are summarized and a description of the inherent
uncertainty in climate change impact modelling is presented. The
interpretation and communication of state of the art knowledge to
non-scientific audiences is also discussed. This work should assist
decision makers and practitioners in interpreting and responding
to observed and projected climate change, its impacts on forestry
and its implicit uncertainties.
2. Regional climate change projections e mean trends and
extremes

Several limitations apply when using climate models to un-
derstand the likely effects on forest ecosystems. First, general
circulation models (GCMs) project future climate for very large
pixels, which are far too big to make a meaningful statement
about the local climate relevant to single forest stands or local
management decisions (Flint and Flint, 2012). Downscaling is
necessary, but adds inherent uncertainty to the values obtained
from such scaling exercises (Fowler et al., 2007). Second, forests
do not respond linearly to changes in climate parameters such as
annual temperature and precipitation (Stephenson, 1990), which
are often used when communicating climate scenario results to
decision makers. Third, climate model results vary much more at
regional compared to the continental and global level. Average
ensemble climate data should not be interpreted as the most
likely scenario at the regional level because in reality, climate
change will not happen uniformly across the continent.
Depending on the (unpredictable) future location of atmospheric
circulation patterns there will be regions with lower and higher
temperature and precipitation changes. Therefore, using mean
trends in these two variables from many models, before trans-
lating them into meaningful predictors, does not allow one to
fully understand the range of likely impacts. Ensemble mean
climate data always extenuate the possible regional climate
change. Rather, one has to downscale all models individually, for
all climate variables, generate physiologically meaningful vari-
ables thereof for each model output, and only summarize in the
form of ensembles the forest response to climate change. This is a
very time consuming task, yet necessary to see the full picture of
likely responses. Fourth, forests only partly respond to changes in
climate means. Many responses are to extremes rather than to
means (Reyer et al., 2013b), and therefore, larger uncertainties in
the projections of climate extremes cause considerable un-
certainties when assessing the likely response of forest ecosys-
tems towards the end of the current century. Finally, every
species, and every life stage of each species responds differently
to changing climate variability. While all will respond to some
extent to a general increase in temperature and a regional in-
crease or decrease in precipitation, the climate seasonality with
its seasonal shifts in extremes will very differently affect the



Fig. 1. Representation of climate uncertainty from model simulations. The maps represent the absolute change in annual moisture index according to four A1B model runs (four
maps on left) (see Supplementary material) between 1961e1990 and 2070e2099. The mean of the four models is presented in the top right corner and the standard deviation on
bottom right corner. Overall the maps show northern Europe becoming wetter and southern Europe dryer. However the maps show large uncertainties e indicated by high standard
deviations e in the Mediterranean region and Southeast Europe, where much larger changes could occur than are represented by the mean ensemble trend among models.
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many species that combine to make forest ecosystems (Urli et al.,
2013; Dantec et al., 2014). Using simple scenarios with few
climate variables as input to impact studies therefore pose lim-
itations in capturing the full picture of likely changes which we
may expect to see in the future from climate change.

Current trends in projecting future climate are usually given in
the form of summary statistics that are derived from ensemble
climate projections, which combine the output from many climate
models. Such summaries are usually provided in periodic reports by
the Intergovernmental Panel on Climate Change (IPCC) or by na-
tional authorities that extract such information from international
efforts to summarize the future state at a country level. In order to
provide regional or country-level information, the output from
regional climatemodels (RCMs) is often preferred over GCMs due to
the better representation of the regional topography and its influ-
ence on climate trajectories and patterns in these models. Table 1
provides a summary for three European regions based on six
different RCM runs that were generated from the projections for
IPCC AR4. The more recent scenarios for the IPCC AR5 span a wider
range of possible climate changes compared to IPCC AR4 scenarios,
but with similar average warming trends (see Rogelj et al., 2012).
However, it is important to stress that the latest carbon dioxide
emissions continue to track the high end of emission scenarios and
fast and rigorous emission reduction efforts would be needed to
meet the political target of maximum 2� warming above the pre-
industrial level by 2100. The current emission trajectory is in line
with climate change projections of 3.5e6.2 �C increase in global
mean annual temperature compared with pre-industrial levels
(Peters et al., 2013), and consequently it is possible that the climate
change projections presented in this paper could be considerably
exceeded.
2.1. Trends in biologically meaningful climate parameters

Globally, the period of 2001e2010 was 0.477 �C above the
1961e1990 mean annual temperature and was 0.217 �C warmer
than the 1991e2000 decade (Morice et al., 2012). The average
temperature for the European land area for the last decade
(2002e2011) was 1.3 �C above the pre-industrial level, which
makes it the warmest decade on record (EEA, 2012). While clima-
tologists often present annual mean trends in temperature and
precipitation, ecologists and environmental managers are inter-
ested in using ecologically and physiologically more meaningful
climate parameters. Admittedly, these are also largely influenced by
changes in temperature and precipitation, but the respective in-
fluence of these two variables on the outcome of certain derived
variables is not linear. Therefore, it is worthwhile discussing some
derived climate variables that are important for forestry. More
climate variables and descriptions of how they were derived are
available in the Supplementary material. Fig. 1 illustrates the
differing regional patterns generated by four different RCMs under
the A1B emissions scenario. Here we present the expected mean
changes for the moisture index, which is the difference between
annual precipitation and potential evapotranspiration (where this
latter variable was derived with the 1963 formula using tempera-
ture and potential global radiation (Turc, 1963)). The average trend
shows a reduction in moisture index throughout Europe, except for
the most northern areas. This figure also illustrates the importance
of looking at several model runs as much larger changes can
regionally be expected than those indicated by the mean; resulting
in high uncertainties in certain regions (lower right panel).

Fig. 2 illustrates the change in average annual maximum
continuous dry days (CDD) and indicates an aggravation of the
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strong segregation between Northern Europe (currently with
very short drought stretches) and Southern Europe (currently
with extended drought stretches). According to these models,
Central Europe will see a strong increase in the length of the
average longest annual drought period by 3e15 days, now
approaching numbers formerly typical for the sub-
Mediterranean belt. At the same time, Northern Europe is ex-
pected to see an average reduction in drought risks, which
originates from the projected increase in rainfall for both sum-
mer and winter seasons. Depending on which single model is
used, this segregation can even be stronger, since we only pre-
sent a mean trend here. However, these results have to be
interpreted with great caution because they refer to the average
duration of the longest annual drought. For drought extremes
please see Section 2.2.

The average number of annual frost days is projected to be
reduced all over Europe (see Supplementary material), but while
the frequency of cold extremes is projected to decrease, there are
some indications that the intensity and duration of cold extremes
might persist or increase under climate change (Rummukainen,
2012). In other words, the reduced trend in average number of
frost days might coincide with more frequent exceptional cold
events (see Section 2.3).

The projections for average and extreme wind speeds are
unclear. There is no general trend visible in the analysed models
regarding changes in average wind speed. While globally it is
expected that overall storm frequency may decline under climate
change (Ulbrich et al., 2009), there is some indication that the
frequency of the more intensive categories of tropical storms is
increasing and that regional shifts in storm severity and fre-
quency may occur (Rummukainen, 2012). For example, Pryor
et al. (2012) found 10e15% higher wind energy density for the
Baltic Sea region. An increase in the top wind speed of storms
was projected for Europe also by Leckebusch et al. (2008). As a
consequence of longer storm paths, future storms might pene-
trate further into Eastern Europe (Fink et al., 2009). Still, pro-
jections of future wind climates are highly uncertain due to high
stochasticity of storm events, decadal fluctuations, and also to
the fact that storms are small relative to the grid sizes used in
GCMs (Rummukainen, 2012). A recent study with a very high-
resolution climate model indicated that the occurrence of
hurricane-force storms over Western Europe during early
autumn could increase significantly, because tropical cyclones
could more frequently follow pathways directly to Europe
(Haarsma et al., 2013).
Fig. 2. Current patterns of the annual mean (1961e1990) longest period of the number of co
days by 2071e2100 under the A1B scenario (mean from 4 models, for which daily climate
2.2. Observed changes in climate extremes

The IPCC report on extreme events analysed the evidence of
already observed changes of extreme events since 1950 (Field et al.,
2012). Recently the World Meteorological Organisation has pub-
lished a report on climate extremes in the decade 2001e2010
(WMO, 2013). Two extreme heat events occurred in Europe in 2003
and 2010. The hot summer of 2010 was a so-called Mega-heat wave
with a heat record in Moscow and serious wild fires affecting more
than 1 million ha of land area (Barriopedro et al., 2011). Much of
Western Europe was affected by a severe drought in 2003 and
central European Russia experienced a drought in 2002, which saw
record low rainfalls over a 5 month period. There has also been an
observed increase in severe cold waves in the Northern Hemi-
sphere in recent years. Notable examples are the severe winter of
2009/2010 and the cold temperatures of March 2013 in Europe.
Rummukainen (2012) summarised that there is also evidence for a
regional increase in frequency of precipitation related extremes (i.e.
heavy precipitation, drought conditions). Observed changes in
precipitation were less robust due to larger spatial and temporal
variability. The trends concerning increased heavy precipitation
events were most consistent over central Western Europe and
European Russia.

2.3. Changes in occurrence of climate extremes

In general, we can expect that both temperature and precip-
itation extremes will increase (Seneviratne et al., 2012). However
while the mean climate trends are still uncertain, it is even more
difficult to project changes in climate extremes. The confidence
in projections of extreme events depends inter alia on the limi-
tation of global and regional climate models related to the spatial
resolution and the representation of physical climate processes
(Rummukainen, 2012) as well as on the assumed emission sce-
narios. It is evident that extreme events have the potential to
affect forests much more than gradual changes in temperature.
According to results of a variety of GCM and RCM runs and
emission scenarios (Field et al., 2012; Solomon et al., 2007) there
is a high confidence in an increase of warm days, primarily in
summer and in Southern and Central Europe. Fischer and Sch€ar
(2010) found that European summer heat waves would become
more frequent at the end of the century and other characteristics
of heat waves like duration and amplitude (intensity) would
change regionally. Coumou and Robinson (2013) found that
multiple climate model runs predict a robust several-fold
ntinuous dry days (left) and projected average change in the number of continuous dry
data was available).
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increase in the frequency of heat extremes irrespective of emis-
sion scenario by 2040. Field et al. (2012) reported an overall in-
crease in heavy precipitation days all over Europe; this trend is
strong in Northern Europe particularly in winter. An increase in
heavy precipitation intensity could be possible despite decreases
in summer precipitation means in some regions like Central
Europe. Rummukainen (2012) concluded that the projected in-
creases in extreme precipitation in winter for Europe are rather
robust. Drought risk, e.g. indicated by the index of continuous dry
days (CDD), which is strongly related to seasonal precipitation,
mainly will intensify in Mediterranean Europe (Field et al., 2012)
but also extends to Central Europe (Fig. 2). Changes in the
duration of the most extreme drought period indicate that these
get much longer across all of Europe. Even in the north, where
the average maximum CDD length declines, models project that
the most extreme drought events would become much longer in
2070e2099 compared to 1961e1990. For example, the thirty year
maximum length in CDD in Eastern Finland may increase from 27
to 39 days (average of four models). For a region in The
Netherlands, the respective increase could be even more severe
from 29 to 55 days. These results suggest that the variability
between years might become a more important consideration for
the management of forests, because even in a future that is on
average wetter, it is likely that extreme dry years will occur more
frequently. Similar results were found by an analysis of soil
moisture changes indicating enhanced drought on the annual
time scale in the Mediterranean and parts of Central Europe
(Orlowsky and Seneviratne, 2012).

3. Projected and observed impacts of climate change on
forests

It is imperative for impact studies to explore the full breadth of
variation and uncertainty from climate studies on biological re-
sponses, instead of simply exploring the effect of the mean of
projected trends. The range of possible impacts can only be un-
derstood if done in such an ensemblemode. To provide an overview
of the potential impacts, the main trends reported by studies are
discussed addressing (i) growth/productivity changes, (ii) species
suitability changes, and (iii) disturbance trends, with some focus on
recent European-scale analyses.

3.1. Observed impacts

3.1.1. Growth and productivity
Over the twentieth century, trends in forest productivity were

generally positive, except for sites where lowwater availability, low
air temperature and (or) low nitrogen deposition levels limited
growth, i.e., in Mediterranean or boreal regions (Boisvenue and
Running, 2006; Kahle et al., 2008; Spiecker et al., 1996). More
recently, however, there are an increasing number of studies
pointing to adverse effects of climatic changes on growth and vi-
tality of trees (e.g., Bigler et al., 2006; Piao et al., 2011; Sarris et al.,
2011; Vicente-Serrano et al., 2010). Especially for European beech
(Fagus sylvatica L.), there is increased evidence for drought-induced
growth decreases throughout the distribution area of the species
(Kint et al., 2012). In north-eastern France for example, Bontemps
et al. (2009, 2010) observed a decline in dominant radial and
height growth of beech in the 1990s, which was confirmed by
Charru et al. (2010). This latter study, based on French national
forest inventory data, showed a drop in basal area increment of 5%
over the period 1987e2004 in response to severe drought events.
Also in low-mountainous areas in Spain, beech decline was
observed and linked to recent warming (Jump et al., 2006; Penuelas
and Boada, 2003).
3.1.2. Tree species movements
Most species studied have tracked recent warming only partly

or not at all (Zhu et al., 2012; Allen and Breshears, 1998; Lenoir
et al., 2008) highlighting recent migration lags. Altitudinal and
latitudinal shifts in tree species distributions have been reported
for the Montseny Mountains, where beech is replaced by Holm oak
(Quercus ilex L.) (Penuelas and Boada, 2003). Migration rates are
primarily observed as a slowmigration into newly suitable habitats
at the leading edge of a species range due to a relaxation of cold
temperature constraints. Examples for such range adjustments
include the upper tree line with upwards shifts of forest woody
species (Lenoir et al., 2008) and temperate and sub-Mediterranean
tree species (Urli et al., 2014). Massive colonization of Holm oak
occurred in all the forests studied along the Atlantic coast; the
species started to colonize new areas in the early 1900's and spread
considerably during themiddle of the century. Most inventories are
now indicating the presence of Holm oak over the whole area of all
investigated forests in Western France. However, the maximum
rate of colonisation by this species was much slower than that
necessary to follow changes in climate-related habitat suitability
since the early 1900's. It is now likely that tree species won't be able
to track climate change at the speed of climate change due to a lack
of dispersion ability (Delzon et al., 2013). At the rear-edge of tree
populations, a comparably rapid response compared to the leading
edge can be observed already, be it directly due to drought (Adams
et al., 2009; Anderegg et al., 2013; van Mantgem et al., 2009; Allen
et al., 2010), or due to secondary damage by forest insects and
pathogens (Jactel et al., 2012). In the lowest altitudes of the Valais,
Switzerland, which also represents the rear edge of the species, a
significant dieback in Pinus sylvestris with a lack of natural regen-
eration has been observed over the past 10e15 years (Rigling et al.,
2013). A recent study showed that all forest biomes were equally
vulnerable to drought regardless of their current rainfall environ-
ment (Choat et al., 2012), explaining why drought-induced forest
decline is currently occurring not only in arid regions but also in
wet temperate forests not normally considered at drought risk.

3.1.3. Disturbances
In general, it is difficult to label individual disturbance events as

being caused by a changing climate. Instead, climate change effects
will become apparent through increased frequency of events, or by
unprecedented magnitude of events. For example in Switzerland it
has been shown that measured wind gust speeds have increased
strongly since the beginning of records in 1933 (Usbeck et al.,
2010b). However, especially with stochastic events such as
storms, it takes a long time before trends can be distinguished from
natural fluctuations. Another confounding factor is that impacts of
disturbances are also influenced by the state of the forest, which
changes over time as well. Seidl et al. (2011a,b) found that about
half of the observed increase in disturbance impact in Europe's
forests over the period 1958e2002 (for fires, storm and bark bee-
tles) could be attributed to changes in the state of the forest, while
the other half was attributed to climate change. Similarly, Moraal
and Jagers op Akkerhuis (2011) found insect pest occurrence in
the Netherlands since 1946 to be influenced by changes in forest
composition, but also found climate change impacts such as inva-
sion of more southern species and changes in winter survival rates.
The storm Kyrill of January 2007, penetrated far into Europe and
affected an exceptionally large land area (Fink et al., 2009).
Exceptionally large forest fires during the last decade have been
associated with extreme weather conditions that exceeded the
normal range of climate variability as demonstrated e.g. for the
2010 fire season in Russia (Barriopedro et al., 2011; Rahmstorf and
Coumou, 2011), but also the 2003 and 2005 fires in Portugal and the
2007 fires in Greece were characterized by extremely long dry
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spells with hot temperatures and high wind speeds (San-Miguel-
Ayanz et al., 2013; Koutsias et al., 2012).

3.2. Projected impacts

3.2.1. Growth/productivity
Reyer et al. (2013a) have recently applied a process-based forest

model to study the impacts of climate change on net primary
productivity (NPP), using a network of ICP forest plots across
Europe. Fig. 3 shows the model results compared to data from a
literature review of similar modelling studies (Reyer, 2013). Pro-
jected impacts differ clearly between impact studies that do or do
not consider the effect of increasing CO2 contents in the atmo-
sphere. While it is proven that atmospheric CO2 contents are
increasing significantly, it is still unclear, to what degree CO2
fertilization affects forest growth and productivity in natural and
managed ecosystems over longer periods of time. Recent model
evaluations against experimental data from free air CO2 enrichment
(FACE) experiments have shown that terrestrial carbon cycle
models generally overestimate the response of gross primary pro-
ductivity (GPP) to CO2 fertilization (Piao et al., 2013). A crucial
question in this context is how much the water use efficiency of
trees may benefit from the enhanced CO2 concentration, because
higher water use efficiency could at least partly counteract
increasing water shortages under climate change (Battipaglia et al.,
2013; De Kauwe et al., 2013; Keenan et al., 2013). Because of the
high model uncertainties related to CO2 fertilization, it seems
advisable that alternative model runs with and without increased
CO2 fertilization effects are compared to identify the CO2 related
uncertainties in the simulated climate change impacts. Such model
experiments can approximate the effects of CO2 with persistent CO2
fertilization effects or alternatively with a levelling-off of CO2-ef-
fects when plant photosynthesis is acclimatizing to higher CO2-
levels or limited by other factors. The effect of these two assump-
tions is shown in Fig. 4 for an application of the 4C model across
Europe (Reyer et al., 2013a). The model results underline the huge
influence that one single factor e CO2 fertilization e has on the
projected climate change impacts with this particular model: In six
Fig. 3. Projections of changing NPP in Europe from a European-wide application of the 4C
2013) with increasing CO2 (left) and with constant CO2 (right) for different Environmental Zo
the variability over several climate change scenarios and time periods, while for the literature
site.
out of ten environmental zones, climate change without increasing
CO2 concentrations had a positive long term effect (2061e2090) on
average across multiple sites. The increase in these regions was
much higher with the additional consideration of CO2-effects
(around þ15% higher NPP increase). The four environmental zones
with on average negative climate change impacts without CO2-
fertilization showed also much higher NPP with CO2-effects.

In a similar modelling study as the one by Reyer et al. (2013a)
but now for all biomes of Europe in a 0.5� Lat/Lon grid using LPJ-
WSL (Poulter et al., 2011), very similar results were obtained.
Large regions in Southern Europe ande depending on the scenarios
used e even further north in Central Europe showed mainly
negative growth responses to climate change if atmospheric CO2
concentration was kept stable at current levels. It was only in
Northern Europe that NPP was simulated to increase towards the
end of the century. However, if CO2 was simulated to increase as
projected in the different climate change scenarios, then only very
small regions in Southern Europe revealed negative trends in NPP,
while most regions showed an increase in NPP by the end of the
century, compared to current climate and CO2 concentrations. It
should be noted that the uncertainty among climate models used
for these NPP effects was considerable.

3.2.2. Changes in species suitability
Using climate data from the A1B scenario for six RCMs and

species data from the ICP Forest Level I data set (Fischer et al., 2010),
the expected change in species' habitat suitability in response to
climate change was simulated for a range of tree species by cali-
brating six different statistical models (Zimmermann et al., 2011;
see Supplementary material (S6) for details on the methods and
data used). These so-called species distribution models (SDMs; for
an introduction, see Guisan and Zimmermann, 2000) allow for
mapping a species' habitat suitability as a function of climate and
topography, and represent a rapid method to assess potential im-
pacts of climate change on the spatial suitability patterns of indi-
vidual tree species (e.g. Meier et al., 2012). Several SDMs and
climate models were combined in an ensemble projection (Araujo
and New, 2007) in order to account for projection uncertainties
model (Reyer et al., 2013a) and a literature review of similar modelling studies (Reyer,
nes after Metzger et al. (2005). For the 4C simulations, the standard deviation indicates
data, the number of models indicates howmany different models were applied at each



Fig. 4. Relative NPP change simulated with 4C for three simulation periods (2001e2030, 2031e2060, 2061e2090) related to the simulated NPP of the base period (1971e2000), and
over all species, the boxplots show median, 25th and 75th percentile, 1.5 interquartile range (whiskers), and outliers. The changes were aggregated for different Environmental
Zones after Metzger et al. (2005): ALN e Alpine North; BOR e Boreal; NEM; Nemoral; ATN e Atlantic North; ALS e Alpine South; CON e Continental; ATC e Atlantic Central; PAN e

Pannonian; LUS e Lusitanian; MDM e Mediterranean Mountains (for more information see Reyer et al. (2013a).
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arising from the choice of statistical and climate model (Buisson
et al., 2010). By 2100, significant changes in tree species suit-
ability patterns can be expected as illustrated in Fig. 5, indicating
considerable shifts in functional groups of trees and whole biomes,
Fig. 5. Projected changes in tree species richness (high ¼ increase; low ¼ decrease) followin
six statistical models and six RCMs using the A1B scenario. The difference is given by compa
mapped here simply as a consequence of changing climates, but
uncorrected for realistic migration rates (Zimmermann et al., 2011).

Projected tree species responses generally illustrated the
tendency to shift their ranges to more Northern latitudes or
g climate change from an ensemble modelling of tree species suitability patterns from
ring simulations under current (1961e1990) and projected future (2071e2100) climate.
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higher altitudes by the end of the Century. Hanewinkel et al.
(2013) studied associated gains (North) and losses (Central and
Southern Europe) in forest economic value based on such pro-
jected decreases of the potential range of mesic, cold e adapted
species like Norway spruce, and increases of drought e adapted
species like Mediterranean oaks in order to understand how
range shifts may affect timber production of European forests
and consequently downstream timber industries. However, it is
important to stress that species distribution models presented
here do not represent forecasts of what will most likely happen
by 2100. Rather, the models illustrate how much the habitat
suitability of a given species is likely to change by 2100, without
indicating how fast the trees actually will respond. Although
some species are moving already, their ability to track climate
change is still unclear. Some of the early successional species,
such as birch (Betula pendula) or poplar (Populus tremula) might
respond with little time lag, while late successional species
(Quercus) might show considerable time lags in adjusting their
ranges due to very slow migration rates (Meier et al., 2012;
Delzon et al., 2013). Equally important is the question to what
extent and at what rate species will decline at the rear edge of
their distribution, when environmental conditions become less
suitable or completely unsuitable. The modelling of the realised
niche of species often overestimates range declines as the current
range limits are not always constrained by climate. In other
words the physiological limits of species are usually wider than
the boundaries of the current distribution range (e.g. Loehle and
LeBlanc, 1996; Kearney and Porter, 2009).

Another difficulty associated with these projections is that trees
might not only respond to shiftingmean climate values, but instead
e or in addition e to changes in extremes (see Section 2.3). Indeed,
an earlier study demonstrated that adding measures of climatic
extremes to SDMs improved model projections (Zimmermann
et al., 2009). Yet, the improved models still do not include a
mechanistic response to extremes and are not capable in projecting
how fast trees will adjust their ranges to changing climates. This is
due to a lack of included mechanisms of disturbance, mortality and
regeneration.

Moreover, forest management in Europe has a long history of
planting coniferous species outside of their natural ranges. Despite
their higher sensitivity to some disturbance agents, these species
are often preferred by forest managers as they offer higher eco-
nomic value compared to ecologically more suitable species (Knoke
et al., 2005). It can be anticipated that managers will continue to
choose species according to other factors as well as habitat suit-
ability and this will likely result in quite different realised range
shifts in the future.

3.2.3. Disturbances
The impact of disturbances on forests is affected by both driving

weather variables and the state of the forest (Seidl et al., 2011a,b).
Here we focus only on the weather component and how projected
climate change might influence future disturbance impacts.

Fire risk is clearly related to warm, dry and windy conditions.
Several indices have been developed to summarise relevant
weather variables into one figure (Holsten et al., 2013). In Europe,
the most commonly used index is the Canadian Fire Weather Index
(Van Wagner, 1987). Such indices can be applied to projected
climate data in order to obtain an impression of how severely the
future fire weather would change. Such studies invariably show
increasing levels of fire danger, such as in France (Chatry et al.,
2010), Portugal (Carvalho et al., 2011) and the Mediterranean ba-
sin as a whole (Moriondo et al., 2006). The rest of Europe has been
studied less intensively, but also other regions are likely to face
increased fire risk (Lavalle et al., 2009).
Climate change will also affect the risks of insect pest outbreaks
both directly through effects on population growth and survival
rates, but also indirectly by affecting the vitality of the trees.
Because insects are poikilothermic organisms, global warming is
expected to enhance their winter survival and development rate
thus triggering increases in population abundance and risk of
outbreaks (Robinet and Roques, 2010). Furthermore, damage by
secondary pests such as bark beetles is likely to increase with water
stress severity (Jactel et al., 2012) following decreases in summer
precipitation and increased temperatures as predicted in Europe by
climate models (Klapwijk et al., 2011). How pathogens will react to
climate change is not very well understood. However, there is also
evidence of increased pathogen attack in trees after drought
(Desprez-Loustau et al., 2006).

The possible increase in top wind speeds during the most
intense storms could lead to higher wind damages in parts of Eu-
ropean forests (Gardiner et al., 2012). Climate change may also
affect the resistance of trees to uprooting. Wetter and warmer
winters are likely to increase wind damage because of poorer
rooting (Usbeck et al., 2010a). Such weather patterns may also
weaken rooting in Northern Europewhere soils are normally frozen
during the winter (Peltola et al., 1999).

3.3. Comparison of observed impacts with expectations from
projections

There is a clear discrepancy between the majority of projected
climate change impacts and recent observations. Recent evidence
about growth declines and species die-back stresses the impor-
tance of extreme events for triggering drastic impacts on tree
growth and survival. Climate variability and extreme events are still
poorly represented in most ecosystem simulation models (Reyer
et al., 2013b) and that explains why the projected impacts often
display a more positive situation, at least in the short- to medium-
term. For example, the exceptional drought year of 2003 showed a
moisture index value that was similar to the projected average
value calculated by climate models for around 2060 (Ciais et al.,
2005). As most simulation studies would only “see” this degree of
drought stress in the second half of the century, it is not surprising
that discrepancies can be quite large. We are still lacking good
understanding of how improved growth conditions in average
years interspersed with a few exceptional years of adverse growth
conditions will affect forest ecosystems. We can expect positive
growth changes in average climatic conditions during the next few
decades due to the fertilization effects of increased CO2 concen-
tration, but also because of higher temperatures combined with
sufficient precipitation in some parts of Europe. Forests will face,
however, increasingly severe extreme events as well. It is these
exceptional events that will drive changes in ecosystem composi-
tion (Dale et al., 2001; Ciais et al., 2005) and structure (Allen et al.,
2010). This would suggest that some observed species changes
following the extreme event in 2003 could be similar to equilib-
rium SDM responses after 50 years. Simulation results for the Valais
in Southern Switzerland with a strong climate change scenario
were quickly producing similar species loss as recently observed
(Bigler et al., 2006). In this region, the realised niche of Scots pine is
very close to the species' fundamental niche, so that the SDM
projects a fast decline of the species. For other locations and/or
species the difference between realised and fundamental niche and
the deviation between simulated and observed changes could be
larger.

On the other hand, niche modelling generally predicts sub-
stantial northward shifts in suitable habitats. The contemporary
rate of range expansion of Holm oak in Western France in response
to global changes is much lower than would be required to track



Fig. 6. The Cascade of uncertainty. The upper boxes of each compartment represent
three locations of uncertainties common to every step of the cascade and the stylized
error bars the range of uncertainty (Reyer, 2013).
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future climate change according to the predictions of niche
modelling and phylogeographic studies (Delzon et al., 2013). These
results indicate that the speed of tree dispersion and establishment
will in many cases not allow for colonising all the climatically
suitable habitats that are likely to appear in Europe over the next 50
years or so.

Observed growth changes for Scots pine in Spain (Vayreda et al.,
2012) were qualitatively similar to the projected productivity
changes simulated for future climate. But generally there is little
evidence available demonstrating how well simulated growth and
productivity changes are reproduced in real forests under climate
warming as observed over the last two decades. Most model vali-
dations have been made against historical growth observations. It
would be very valuable to utilize observations from intensive forest
monitoring plots (e.g. from the ICP forest network) and targeted
experimental studies to validate forest simulation models under
transient climate change conditions. Even more difficult is the
comparison between simulated and observed disturbance impacts.
As discussed before, it is difficult to detect the climate induced
component in disturbance impacts. The same holds also for
observed changes.

In south-western Germany, Norway spruce has lost about 7% of
its total area and has been replaced by deciduous species between
the first and the second National Forest Inventory (1987e2002;
roughly around 90,000 ha). Although a part of this can be assigned
to planned management activities (i.e. active forest conversion),
this process is largely driven by disturbances, mainly in the form of
extreme events (storm damage followed by bark beetle outbreaks
(Hanewinkel et al., 2011)). The majority of published forest impact
studies do not properly account for disturbance effects and this is
well recognized as a major development need for forest ecosystem
modelling (Seidl et al., 2011a,b).

When discussing impacts of climate change on European for-
ests, we have to take into account that these forests are more or less
intensively managed. Management has strongly affected the pre-
sent species composition in European forests (Spiecker, 2003) and
it will continue to be of major importance in responding to climate
change. Koehl et al. (2010) found in a simulation study that the
effects of climate change on the future productivity and species
composition of German forests was minor compared to the effects
of forest management. Management activities such as planting of
better adapted species or removing bark beetle infested trees
greatly alter forest dynamics as they occur in natural forests.

4. Uncertainties and climate change impacts on forests e

what do we know and how do we communicate them?

4.1. Uncertainties

Impact assessments for forests are uncertain due to several
reasons. In fact, uncertainties accumulate along a ‘cascade of un-
certainty’ (Schneider, 1983; Jones, 2000; Reyer, 2013). This cascade
has two dimensions: the first relates to the modelling chain used in
climate change impact assessments and the second to the different
components of uncertainty at each step of the chain (Fig. 6).

A typical modelling chain for climate change impact studies is
shown in Fig. 6 and can be described as follows. Since anthropo-
genic climate change is mostly driven by an increase in the atmo-
spheric concentration of greenhouse gases, usually in a first step,
assumptions about the development pathways of future societies
have to be made. The most well-known examples of development
pathways are the different storylines of the IPCC's Special Report on
Emission Scenarios (SRES, Nakicenovic and Swart, 2000). These
storylines are then fed into Integrated Assessment Models (IAMs),
which project the greenhouse gas emissions associated with each
development storyline. The newly developed RCP scenarios (Moss
et al., 2010; van Vuuren et al., 2011) follow a different logic but
the implications for the model chain remain similar. The projected
greenhouse gas emissions then drive GCMs to provide global
climate change scenarios, usually on a 2.5e0.5� grid. For regional
applications, the GCM results are then downscaled to lower reso-
lutions (0.5� and smaller) using RCMs. To use that data at the forest
stand level, a further downscaling/interpolation to the points at
which particular forest stands will be simulated is required. After
the interpolation/downscaling, the data may be used as input into a
stand-level forest model. The results of the forest model can then
be fed into decision support systems or other toolboxes andmodels
that support decision-making in forest management and policy.

At each step of the modelling chain, uncertainties in simulation
models are linked with the model structure, as well as with inputs
and parameters of the models (Walker et al., 2003). GCMs do not
yield the same results if run twice with exactly the same input,
parameters, boundary conditions etc. since they may contain sto-
chastic elements (Le Treut et al., 2007), which is part of the struc-
tural uncertainty. Input uncertainty comes with data for initial
conditions and driving variables. For example, the grid cell size of
the input data influenced NPP predictions of forest ecosystem and
biosphere models (Jenkins et al., 2001). Uncertainty of model pa-
rameters can also have a strong influence on the results. Projections
of future carbon dioxide (CO2) levels in a coupled climate carbon-
cycle GCM, for example, are very sensitive to one parameter that
governs the response of soil respiration to temperature (Jones and
Moberg, 2003). Uncertainties related to the model parameters can
be expressed by a distribution of parameter values so that a range of
impact results is generated rather than a single value.

Quantifying uncertainties at specific points in the cascade of
uncertainty has been subject to research for a long time. However,
only rarely, the effects of model structural, input and parametric
uncertainty are considered together and even less at different steps
of the modelling chain (Reyer, 2013). Although this is not always
possible in a systematic way because knowledge is lacking or
disputed, uncertainties can still be quantified by comparing model
simulations with alternative assumptions just as described earlier
for considering the effects of CO2 on forest productivity. Moreover,
it is important to note that all three aspects of uncertainty (model
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structure, input and parameters) at each step of the model chain
contain different levels of uncertainty. There may be statistical and
scenario uncertainty and uncertainty due to recognized and total
ignorance (Walker et al., 2003). Statistical uncertainty refers to the
measurement uncertainty, hence sampling error, inaccuracy and
imprecision. Scenario uncertainty deals with plausible changes,
which are based on assumptions and not (easily) verifiable. The
uncertainty due to recognized ignorance relates to the “known
unknowns”, hence a lack of knowledge about the system which
maybe reducible or irreducible. Finally, uncertainty due to total
ignorance refers to the ‘unknown unknowns’, hence to issues we
are not even aware of that we are not aware of.

4.2. Handling uncertainties in decision support on climate change
impacts on forests

Two decades of intensive research efforts in global climate
modelling have not succeeded in considerably reducing uncer-
tainty around our future climate (Knutti and Sedlacek, 2013). Part of
this uncertainty depends on the future development of GHG
emissions. To limit climate warming below þ2 �C globally would
require reducing CO2 emissions from the current level of almost
10 Pg C per year to less than 4 Pg C per year by 2050 (Peters et al.,
2013), which is a factor 4 smaller than the 16 Pg C per year that
would result from a continuously rising emission trend as assumed
in the A1B scenario of the 4th IPCC report. Even a perfect global
climate model could not forecast the future climate conditions
under such uncertain driving forces. But we also know that global
climate models are not perfect and until around 2070, the uncer-
tainty in climate projections is dominated by the uncertainty
inherent in the models themselves (Kjellstr€om et al., 2011). The
local spread between models is still large in the new RCP climate
scenarios (Knutti and Sedlacek, 2013).

Mean trends from ensemble climate model projections may be
robust when interpreted at the global level, but due to the large
internal variability of the climate system it is crucial to compare
different model projections for the assessment of climate change
impacts at the regional level. Systematic comparison of impact
models is less developed than the comparison of climate models.
While the latter are global/regional and easier to compare, many
impact studies are local and have used different models with var-
iable assumptions.

Model projections may converge somewhat in the future with
improved understanding of the climate system, but there is no
reason to expect that the uncertainties around future climate
development will generally disappear during the coming years or
even decades. What does this mean for decision making in forest
management? It is clear that uncertainties are inherent to the
system we are trying to forecast and thus unavoidable. Waiting for
improved evidence and information cannot be the solution. Deci-
sion makers in forest management have to realise that they must
take long-lasting management decisions while uncertainty about
climate change impacts are still large.

The comparison of climate change impact studies with alter-
native model assumptions shows how difficult it is even for ex-
perts to draw conclusions from individual impact studies. Before
using the assessment results in management decisions, it is
crucial to understand what assumptions were used in the impact
assessment. It is specifically important to know: whether only one
or multiple climate change scenarios were used; if growth re-
sponses to CO2 fertilization and disturbances (including extreme
events) were considered; what niche concept (the realised or
physiological niche) was the basis for modelled species ranges;
and whether provenance differences, genetic adaptation or spe-
cies migration were taken into account. Considering and
interpreting the consequences of all assumptions is already
challenging for scientists. Obviously the challenge is even larger
for non-specialists.

Possible procedures to handle uncertainty such as aggregating
alternative model outputs do not help a lot in this situation. While
it is possible to aggregate and possibly weigh outputs of different
models (e.g. by model precision or performance), this does not
remove much of the underlying uncertainties in future develop-
ment of important drivers, nor does it resolve our lack of under-
standing of crucial ecosystem response patterns (e.g. on CO2
fertilization effects). Therefore there is a risk that averaging
different model outputs could suggest to the user a higher precision
about future impacts, which really does not exist. What model
ensemble runs can show, is the full range of uncertainties that we
actually cover with our current understanding of the system.

In several studies including IPCC reports, the authors have tried
to address the uncertainties in our knowledge by flagging state-
mentswith high/medium/or low confidence. This is certainly useful
as ameasure to providemore information to decisionmakers about
comparative reliability of our current knowledge. When scientific
evidence increases e.g. in successive IPCC reports, this gives a
meaningful message to non-scientists. It should be stressed, how-
ever, that low confidence statements may be caused by larger
system variability and scarce historical observations especially in
context of wind disturbances and other extreme events. For
example, low confidence in a particular model outcome (e.g.
“devastating storms are projected to become more frequent under
climate change”) does not mean that there is a high likelihood for
an alternative interpretation (“climate change does not affect storm
damage risk”).

Methods and approaches that study decision making under
climate change also focus on how to consider uncertainties. How
can management be adapted under climate change? Waiting 40
years to get sufficient knowledge about the realised climate change
trend as demonstrated in a theoretical analysis by Yousefpour et al.
(2013) is not practical to a forest manager who faces a decision
making problem today. There are many strategies available on how
to adapt forest management (e.g. Bolte et al., 2009; Fitzgerald and
Lindner, 2013; Kolstr€om et al., 2011). In this paper we do not
intend to go into details on adaptive forest management strategies,
but still we wish to draw conclusions from the analysis to identify
needs for adjusting management strategies. The lack of precise
projections calls for strategies that increase the resilience of forest
systems e where resilience is defined as the capacity of an
ecosystem to absorb disturbance and retain its function and
structure (Walker and Salt, 2006). Other approaches that have been
proposed include searching for no-regret strategies that yield
benefits even in absence of climate change, and favouring revers-
ible and flexible options over irreversible choices (Hallegatte, 2009)
and focussing on adaptive management which is continuously
reassessing itself (Sepp€al€a et al., 2009). Moreover, management
tactics including monitoring, forecasting, planning and use of
mitigating strategies are essential components for managing un-
certainties; e.g. those related to biotic forest disturbance risks
(Sturrock et al., 2011).

It seems that projecting future forest conditions has become
(and will get even more) complex. But despite these complexities,
clear messages are needed to inform decision making. So where is
the highest congruity in the multitude of outcomes of climate-
change related impact studies on forests?

� Despite considerable variation und uncertainty in ensemble
models, some general trends are common to all existing climate
scenarios such as warmer temperatures, increasing moisture
limitations and enhanced extremes.
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� Climate observations suggest that the last 20 years were on the
higher end of the existing SRES scenario range. New IPCC AR5
scenarios include stronger warming scenarios, but these have
not yet been used in impact assessments. The existing range of
impact studies does therefore not cover the most extreme
climate change conditions.

� Extreme events such as the drought of 2003 are not yet included
in many current impact studies, but these will affect ecosystems
more drastically than average climate conditions.

� Changes in the temporal distribution of precipitation are likely
to have larger effects on forests than temperature changes, but
they can be regionally more variable, are difficult to project and
model, and not always fully considered in current impact
assessments.

� Some critical processes (e.g. extreme events in climate models
or disturbances in forest ecosystem dynamics) are still difficult
to simulate and thus are lacking in most available impact
studies.

� All these simplifications in simulated impact assessments sug-
gest that the range of possible impacts has so far been
underestimated.

� Individual climate change impact studies should not be uncrit-
ically used for decision making without reflection on possible
shortcomings in system understanding, model uncertainty and
other assumptions made.

In order to properly interpret climate change impact pro-
jections, considerable expert knowledge and scientific under-
standing is still necessary. To interpret and communicate the
complex information is a challenge to scientists: Simple but not
simplistic messages are needed!

4.3. How to communicate complex climate change impacts on
forests and related uncertainties

Communication of climate change projections and impacts and
the related uncertainties to non-scientific audiences is an
important contributor towards facilitating adaptation. Recent
research (Blennow et al., 2012; Yousefpour et al., 2013) has found
that forest managers' beliefs about climate change influences
their decisions. Wachinger et al. (2013) show that personal
experience of a natural hazard and trustdor lack of trustdin
authorities and experts have the most substantial impact on risk
perception and consequently on decision making. This underlines
the importance of communicating observed and projected im-
pacts to different audiences, from high level decision makers and
national forest governance organisations, to private forest owners
and forest companies. However it is difficult to communicate
complex issues such as model uncertainties without diluting the
message. Many studies have appeared in recent times about
effective communication of uncertainties to policy makers, often
focussing on the language used (Maslin, 2013; Budescu et al.,
2011; Sterman, 2011). One approach to tackling the communica-
tion problem is to place the emphasis on uncertainty on the date
by which things will happen, rather than onto whether they will
happen at all (Maslin, 2013). For example, Joshi et al. (2011)
showed that a rise in global mean temperature of 2 �C will be
reached sometime between 2040 and 2100 depending on which
emissions scenario and climate model is used.

Communication to decision makers has to be brief and simple to
be effective. Whereas presenting climate change uncertainties in a
simple way can be difficult, it is, however, still important to high-
light them. Kangas and Kangas (2004) have cautioned against
ignoring uncertainty and to ensure it is taken into account in de-
cision making. Therefore when making statements or judgements
in the type of forum which does not allow for elaboration, it is
helpful if scientists are prepared to provide a traceable account of
how this judgement was arrived at for those who seek more in-
formation (Mastrandrea and Mach, 2011).

At the regional level, different communication mechanisms are
necessary with forest practitioners at forest administrations as the
key target (Lawrence and Marzano, 2013). This target audience
needs information with the aim of developing support measures
and preparing of recommendations towards forest managers at a
practical level. An important question for forest managers is when
management needs to be adjusted to expected changes
(Yousefpour et al., 2012). Blennow et al. (2012) conducted a study,
which showed that strength of belief in climate change whether
through direct experience or other learning mechanisms, accu-
rately predicted adaptation to climate change and was more sig-
nificant than socioeconomic factors. Uncertainties will always be
present and postponing action until they are eliminated is not an
appropriate response. Brunette et al. (2014) present an option value
approach to support the decision when to change a tree species
under climate change and discuss the importance of the timing of
the species change from an economic point of view. However these
decisions should be solidly based on detailed knowledge about
probable outcomes of climate change for forests (Yousefpour et al.,
2012). Forest decision makers already have experience in dealing
with similar uncertainty in the type of long term thinking which is
required with respect to price uncertainty etc. Thus, handling un-
certainties in the context of climate change is not an unknown
challenge.

5. Synthesis and conclusions

Most impact studies that were carried out since the Fourth IPCC
Assessment Report in Europe are based on scenarios that projected
relatively modest climate change compared to the newer RCP8.5
scenario. Recent evidence shows that without rapid policy action,
changes in climate could be more serious. Furthermore, observa-
tions already document (i) tree movements (but species will be
unable to keep up with projected climate change over the current
century) and (ii) changes in growth, which exceed the projections
of many impact assessment models. Climate change may impact
forests in ways that are partly opposing and therefore can require
adaptation activities that are difficult to design and to plan. On the
one hand European forests are facing gradual changes such as the
change of biomes of major tree species and changes in productivity.
On the other, forests are likely to be more and more exposed to
extreme events such as the increased risk of fire and drought and,
partly linked to that, the spread of pests and diseases. Both gradual
changes and extreme events can either have cumulative effects or
can counterbalance each other. The latter would be the case if the
observed increase of productivity in Northern Europe is counter-
balanced by the effect of the expected increasing impact of storms
and insects in Nordic countries. Cumulative effects can already be
seen in Southern Europe, where a gradual decrease in productivity
combined with extreme droughts and increased fire risk leads to
increased tree mortality and even a replacement of forests by other
vegetation types. The speed of evolving changes such as range
shifts of tree species should be carefully studied, as it will have
consequences for the planning of adaptation strategies. Newer
modelling studies which include tree species migration suggest
that standard applications of range shift models largely over-
estimate the speed of such a change (Meier et al., 2012). The im-
plications for tree physiology of increased atmospheric CO2
concentration combined with climate change also remain unclear
and this strongly increases the uncertainty of forest model
projections.
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When interpreting climate scenario projections, more than
one average climate scenario needs to be studied. Impact as-
sessments have to consider appropriate climate variables that are
critical for tree growth and survival. Uncertainties around
climate change impacts in European forests appear to be
particularly large in areas where the most adverse effects are
likely (e.g. in the Mediterranean). This underlines that uncer-
tainty increases with the severity of the change we are projecting
for our climate (Knutti and Sedlacek, 2013). Simulation studies
that operate with overly simplistic assumptions should not be
used as a basis for guiding forest management decision making.
Therefore scientists have an important role in communicating
knowledge about climate change impacts and uncertainties to
practitioners and policy makers.

Based on this synthesis, planning adaptation strategies seems
to be a complex and challenging task, as gradual changes and the
more catastrophic impacts of extreme events require different
activities. An anticipated long-term change in suitability of a tree
species may require change to a more drought- and heat adapted
species. However, in the transition phase, extremes may occur in
both directions (hot and cold), which make a pro-active intro-
duction of e.g. Mediterranean oaks in Central Europe on larger
areas impossible. Adapting to an expected decrease of produc-
tivity by introducing exotic species with higher productivity has
been successfully conducted with Douglas fir as replacement for
Norway spruce in some parts of Europe, but we need additional
experiences with other species also under unfavourable site
conditions. Adapting forests to extreme events is particularly
difficult where drought is concerned, as the increasing length of
dry periods in the future climate may lead to conditions in parts
of Europe where almost no tree species will be able to survive.
Reducing tree density in arid areas to enhance water availability
for the remaining trees may be efficient, but it is a costly measure
in a region where the economic output of forestry is generally
low. Adapting forests to extreme storm events is e outside Great
Britain and Ireland with already existing particular storm
adapted management strategies e an exception, and requires
measures such as limiting tree height that are unpopular and
against the dominating “close-to-nature” forestry with long
rotation periods in Central Europe.

Despite intensive research over two decades, we cannot
accurately forecast emissions and what the climate in Europe will
be like later this century. It is unlikely that this situation will
change anytime soon. Regional impact studies therefore need to
analyse multiple climate scenarios to explore a broad range of
possible developments. Impact assessments contain simplifica-
tions, and with our improving system understanding it is
important to interpret them adequately. Growth decline and
mortality are especially triggered by extreme events and it is
crucial to consider how disturbance impacts could alter the re-
sults derived from simple models that lack a proper represen-
tation of extreme events and disturbances. The challenge for
forest management is how to cope with the observed and
modelled trends and their associated uncertainties in adaptive
forest management. Strategies that enhance ecosystem resilience
are recommended, as are strategies which increase the flexibility
of making future management changes, as required by realized
climate change trends.
Acknowledgements

The study was supported by the European Community's Sev-
enth Framework Programme under the project MOTIVE (“Models
for adaptive forest management”), grant agreement 226544.
Appendix A. Supplementary material

Supplementary material related to this article can be found at
http://dx.doi.org/10.1016/j.jenvman.2014.07.030.

References

Adams, H.D., Guardiola-Claramonte, M., Barron-Gafford, G.A., et al., 2009. Temper-
ature sensitivity of drought-induced tree mortality portends increased regional
die-off under global-change-type drought. Proc. Natl. Acad. Sci. U.S.A. 106,
7063e7066.

Allen, C.D., Breshears, D.D., 1998. Drought-induced shift of a forest-woodland
ecotone: rapid landscape response to climate variation. Proc. Natl. Acad. Sci.
U.S.A. 95, 14839e14842.

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N.,
Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H., Gonzalez, P.,
Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G.,
Running, S.W., Semerci, A., Cobb, N., 2010. A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for forests.
For. Ecol. Manag. 259, 660e684.

Anderegg, W.R.L., Kane, J.M., Anderegg, L.D.L., 2013. Consequences of widespread
tree mortality triggered by drought and temperature stress. Nat. Clim. Change 3,
30e36.

Araujo, M.B., New, M., 2007. Ensemble forecasting of species distributions. Trends
Ecol. Evol. 22, 42e47.

Barriopedro, D., Fischer, E.M., Luterbacher, J., Trigo, R., Garcia-Herrera, R., 2011. The
hot summer of 2010: redrawing the temperature record map of Europe. Science
332 (6026), 220e224.

Battipaglia, G., Saurer, M., Cherubini, P., Calfapietra, C., McCarthy, H.R., Norby, R.J.,
Francesca Cotrufo, M., 2013. Elevated CO2 increases tree-level intrinsic water
use efficiency: insights from carbon and oxygen isotope analyses in tree rings
across three forest FACE sites. New Phytol. 197, 544e554.

Bigler, C., Br€aker, O., Bugmann, H., Dobbertin, M., Rigling, A., 2006. Drought as an
inciting mortality factor in scots pine stands of the Valais, Switzerland. Eco-
systems 9, 330e343.

Blennow, K., Persson, J., Tom�e, M., Hanewinkel, M., 2012. Climate change: believing
and seeing implies adapting. PLoS ONE 7 (11), e50182.

Boisvenue, C., Running, S.W., 2006. Impacts of climate change on natural forest
productivity e evidence since the middle of the 20th century. Glob. Change
Biol. 12, 862e882.

Bolte, A., Ammer, C., L€of, M., Madsen, P., Nabuurs, G.-J., Schall, P., Spathelf, P., Rock, J.,
2009. Adaptive forest management in central Europe: climate change impacts,
strategies and integrative concept. Scand. J. For. Res. 24, 473e482.
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