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Abstract 

Climate change projections for Europe suggest increases in 
temperature, changes in precipitation regimes as well as 
more frequent and severe weather extremes like heat waves, 
droughts and storms. As these changes may have a large 
impact on forest ecosystems, forest management should 
adapt to maintain vital and productive forests in the future. 

This review assesses how close-to-nature silviculture 
(CNS), which is a widespread silvicultural approach in Central 
Europe, may cope with projected changes in climate. First, a 
conceptual model of forest vulnerability is outlined, and 
used to describe climate change exposure, sensitivity and 
adaptive capacity of forests. Strategies and options for adap-
tation, and their compliance with the principles of CNS are 
then discussed.

Modifications in CNS, such as using exotic tree species 
and provenances or the assisted migration of well adapted 
tree species from other climates can enhance adaptive capa-
city of forests. Moreover, the regeneration of stress-tolerant 
pioneer species can be supported by applying the whole 
range of silvicultural systems.

Keywords: climate change, adaptation, close-to-nature  
silviculture (CNS), tree species richness, genetic variation

Is Close-to-Nature Silviculture (CNS) an  
adequate concept to adapt forests to  
climate change? 

Zusammenfassung

Ist naturnaher Waldbau ein geeignetes 
Konzept zur Anpassung von Wäldern an 
den Klimawandel?

Projektionen zum Klimawandel in Europa deuten auf eine 
Erwärmung, Änderung der Niederschlagsverhältnisse sowie 
häufigere und intensivere Witterungsextreme wie Hitzewel-
len, Trockenheit und Stürme hin. Diese Änderungen können 
einen starken Einfluss auf Waldökosysteme haben und die 
Waldwirtschaft sollte sich daran anpassen, um vitale und 
produktive Wälder in der Zukunft zu erhalten.

Dieser Übersichtsartikel behandelt die Frage, wie der 
naturnahe Waldbau (close-to-nature silviculture – CNS) als 
weit verbreiteter waldbaulicher Ansatz in Mitteleuropa mit 
dem notwendigen Anpassungsbedarf der Wälder im Ein-
klang steht. Zunächst wird ein Konzept zur Abschätzung der 
Vulnerabilität von Wäldern unter Klimawandel vorgestellt. 
Danach werden die Vulnerabilitäts-Komponenten ‚Belas-
tung‘, ‚Empfindlichkeit‘ und ‚Anpassungsvermögen‘ beschrie- 
ben und Strategien sowie Möglichkeiten für die Waldanpas-
sung und ihre Übereinstimmung mit dem naturnahen Wald-
bau diskutiert.

Modifikationen im naturnahen Waldbau, wie die Verwen-
dung von eingeführten Baumarten und Baumartenherkünf-
ten sowie die unterstützte Verbreitung (‚assisted migration‘) 
von nachweislich gut angepassten Bäumen aus anderen  
Klimaten können die Waldanpassung verbessern, ebenso die 
Erweiterung des Spektrums der Waldbausysteme zur Förde-
rung von stresstoleranten Pionier-Baumarten.

Schlüsselworte: Klimawandel, Anpassung, Naturnaher Wald-
bau, Baumartenvielfalt, Genetische Variation
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1  Introduction

Climate is an important driver for environmental change. 
Globally, land and ocean surface temperature increased by 
0.85 °C over the period 1880 to 2012 (Pachauri and Mayer, 
2014). In Germany, mean surface air temperature increased 
by 1.2 °C in 2001 to 2010 when compared to pre-industrial 
conditions (1855 to 1890) (EEA, 2011). This warming trend 
was accompanied by more frequent and severe weather ex-
tremes, like heat waves, droughts and heavy precipitation 
events (Min et al., 2011; Wigley, 2009). Also for the future, an 
increase in frequency and severity of extreme weather events 
is expected for Central Europe (Donat et al., 2011; EEA, 2011; 
Gastineau and Soden, 2009). 

Climate warming may improve growing conditions and 
prolong growing seasons, thereby positively affecting forest 
growth. However, this may only happen when water availabi-
lity is sufficient (Nemani et al., 2003); on sites with water shor-
tage, more frequent heat waves and droughts likely raise 
risks of disturbance, mortality and forest loss (Allen et al., 
2010; Lindner et al., 2014; Bolte et al., 2009). Further, a higher 
storm risk may increase the susceptibility of forests to biotic 
disturbances. This may be especially important for extensive 
Norway spruce forests in large parts of Europe that suffer 
already today from high losses due to interacting impacts of 
windthrow, warming, drought and bark-beetle attacks 
(Hanewinkel et al., 2013; Bolte et al., 2010; Schlyter et al., 
2006; Schelhaas et al., 2003). Therefore, and due to the long-
term interaction of long-living forests and future climate 
change dynamics, forest management and silviculture have 
to adapt to today’s changing environmental conditions in 
order to maintain vital and productive forests in the future 
(Kolström et al., 2011; Bolte and Degen, 2010).

In this review, it is examined whether Close-to-Nature  
Silviculture (CNS), which is a common silvicultural approach 
in Central Europe, is an adequate concept to adapt forests to 
climate change. First, we describe the practice of current CNS 
management. Then, we elaborate on the concept of vulnera-
bility, which includes climate change exposure, sensitivity 
and exposure, and perform a vulnerability analysis to outline 
strategies and options for adaptation. Finally, we analyse 
whether the concept of CNS should be adjusted to support 
forest adaptation to climate change.

2  Close-to-nature silviculture (CNS)

The origin of close-to-nature silviculture in Germany dates 
back to the time before the 19th century, when irregular, 
selective logging was conducted. A dramatic increase in 
wood demand during the industrial revolution, however, led 
to an intensification of forest management and the introduc-
tion of forestry activities according to more agricultural prin-
ciples, like soil tillage, fertilization and the spatial-temporal 
classification of forests into cutting sequences. In the early 
19th century huge areas which were deforested and degra-
ded since the Middle Ages were restored to forests. Thereby, 
German mainstream forestry laid its emphasis on even-aged 

high forests with a preference for clear-cutting (Thomasius, 
1996). However, gradually many of these even-aged pure 
forests were lost due to an increasing number of pest attacks 
and abiotic disturbances. Consequently, the first forest scien-
tists started to recognise that pure (even-aged) stands may 
not be resistant and resilient enough for long-term economi-
cally successful forest management. One of the most promi-
nent advocates of mixed forests at the turn to the 20th cen-
tury was the silviculturist Karl Gayer, who strongly supported 
the group selection system for stand regeneration (Heyder, 
1986; Gayer, 1886). In the 1920s, Alfred Möller promoted the 
idea of ‘Dauerwald’ (continuous-cover-forestry), which was a 
special variant of close-to-nature forestry. He advocated  
single-tree oriented interventions, natural regeneration,  
avoidance of clear-cutting and the maintenance of multi- 
storied mixed stands (Möller, 1922). 

Although first practised mainly by private forest owners, 
close-to-nature silvicultural management emerged among 
all forest ownership categories in Germany during the last 
quarter of the 20th century. Thereby, forest owners respon-
ded to new environmental developments and challenges  
(e. g. forest decline), major disturbances (storms) and the 
increasing scientific evidence that mixed forests may be 
more resilient and productive than pure forests (e. g. Brang et 
al., 2014; Knoke et al., 2008; Pretzsch, 2003). 

A central principle of CNS is the utilization of natural pro-
cesses to guide forest ecosystems with the least amount of 
energy input (costs) as possible. Other prominent elements 
of CNS are (Pommerening and Murphy, 2004; Johann, 2006; 
Spathelf, 1997): 

yy promotion of natural and (or) site-adapted tree  
species composition (non-native species, if admixed 
to native species, are to a small extent accepted), 

yy promotion of mixed and ‘structured’ forests,
yy avoidance of clear cuts, as far as possible,
yy promotion of natural regeneration,
yy single-tree oriented silvicultural practices,
yy integration of forest ecosystem services (e. g. water, 

recreation) at small spatial scales.
CNS is thus not a silvicultural system or technique in sensu 

strictu, but a broad approach with different elements which 
can be adapted to changing natural and socio-economic 
conditions (Spathelf, 1997). To date, CNS in the described 
specification is mainly applied in Central Europe. The prac-
tical success of CNS in Germany depends on reduced impact 
of tending and harvesting on the remaining stand and soil 
(Reduced Impact Logging) and controlled ungulate popula-
tions. CNS is an integrative approach of (sustainable) forest 
management (SFM) and biodiversity conservation on a small 
scale (see Schütz, 1999, for a discussion here). When classi-
fied according to management intensity, tree species and 
structural heterogeneity, CNS occupies its place between 
selection and old-growth forests on the one hand, and 
forests after larger stand replacement events or even planta-
tions on the other hand (Figure 1, adapted after Puettmann 
et al., 2009). This classification demonstrates the range of 
regeneration cuts and forest target structures which are 
feasible within CNS. 
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Figure 1  
Classification of CNS according to management intensity as 
well as tree species and structural diversity. Adapted after 
Puettmann et al. (2009).

3  Climate change vulnerability of  
German forests 

3.1  Definitions and concepts
‘Vulnerability’ is a widely used term to qualify the impacts of 
climate change on forest ecosystems. It can be described as 
the probability with which an environmental system can be 
damaged through changes in the environment and (or) so-
ciety, taking into account its adaptive capacity (Turner et al., 
2003). In this review, the different elements of vulnerability, 
being exposure, sensitivity and adaptive capacity (Figure 2), 
will be defined after Lindner et al. (2010) and IPCC (2007), 
glossary terms WG II). 

Figure 2  
Components of ecosystem vulnerability. 

Forest ecosystems are exposed to climate factors, such as 
temperature and precipitation, in different ways (i.e. means, 
variability and extreme events; Reyer et al., 2013). Sensitivity 
describes the degree to which a system is affected by climate 
change factors, either adversely or beneficially. Adaptive 
capacity, however, is the ability of a system to adjust to chan-
ges in climate, i.e. to prevent or moderate potential damages 
or to take advantage of opportunities. Finally, vulnerability is 
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the degree to which a system is susceptible to, and unable to 
cope with adverse effects of climate change factors, inclu-
ding climate variability and extremes in disturbance events. 
In the following sections, different elements of vulnerability 
will be discussed for forests in Germany as an example for 
Central Europe.

3.2  Exposure
Regionalised climate change projections for Germany 
(models: REMO, WETTREG, CLM) suggest, on the basis of  
IPCC SRES scenario A1b, a significant temperature increase 
until 2055 (Figure 3a; after Stock, 2008). Temperature will rise 
especially in autumn and winter, ranging from 0.6 to 3.4 K. An 
extension of the vegetation period amounting to two weeks 
can already be observed in Central Europe (Menzel, 2006), 
and a further advance of bud burst and flowering due to  
warming is expected for the future. Additionally, the fre-
quency and severity of winter and late frosts are expected to 
change. Model projections for precipitation reveal a shift in 
seasonal distribution (from summer to winter) and less con-
tinuous but more intense rain (Figure 3b). Although there 
will be regions in Germany with decreasing and others with 
increasing precipitation sums (Stock et al., 2009; Becker et al., 
2008), the probability for summer droughts and heat waves 
is likely to increase considerably throughout the country.

3.3  Sensitivity
To analyse potential impacts of changing climate variability 
and extreme events on tree growth and vitality, dendro- 
ecological approaches have shown to be a strong tool (e. g.  
Büntgen et al., 2008; Schweingruber, 1996). For Germany, 
there is increasing evidence that trees suffer more from  
summer droughts. Schröder (2009), for example, found an 
accumulation of negative pointer years in Scots pine (Pinus 
sylvestris) stands in northeastern Germany over the last two 
decades. Further, an analysis of intensively monitored obser-
vation plots (Level II network) reveals a significantly increa-
sed sensitivity of European beech (Fagus sylvatica) to climate 
variation since 1990 (Beck, 2011; Beck, 2009). High drought 
sensitivity of beech is also observed by other studies, whereas 
sessile oak (Quercus petraea) is found to be more drought 
tolerant (Scharnweber et al., 2011; Friedrichs et al., 2009). 
Species-specific drought sensitivity was also shown for an 
altitudinal gradient in southwestern Germany (van der  
Maaten-Theunissen et al., 2013). It was found that growth of  
Norway spruce (Picea abies) was negatively affected at all  
altitudes (400 to 1140 m a.s.l.), whereas growth of silver fir 
(Abies alba) responded to drought only at low altitudes. 

Regional differences, local variation and temporal varia-
bility in drought sensitivity, as well as uncertainty in growth 
responses of trees to climate conditions that they were never 
exposed to before, make future estimates of forest growth 
difficult. Moreover, the response of tree species to climate 
variables is often analysed and described for pure stands 
only. The question whether tree species-rich forests modu-
late drought stress still remains poorly understood. In mixed 
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Figure 3  
Projected changes in (a) temperature and (b) precipitation sums for Germany (A1b scenario) after Stock (2008). Trends in 
temperature and precipitation sums are calculated as the difference between 2046 to 2055 and 1951 to 2003, and are  
presented for spring, summer, autumn and winter.
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stands, under specific circumstances, admixed species can 
increase drought resistance of the main tree species. The 
admixture of oak and Norway spruce in beech stands, espe-
cially on productive sites, for example, was found to reduce 
competition among beech trees. Thereby, oak mitigates the 
drought sensitivity of beech over effects of hydraulic water 
lift, whereas spruce changes the structure of beech stands, 
allowing more light to come in (Pretzsch et al., 2013; Pretzsch, 
2009). In a gradient study across Europe, however, Grossiord 
et al. (2014) also found that drought resistance can be  
lowered by mixing other tree species, especially in drought-
prone areas, which points to the fact that the adaptive capa-
city of forests is not always increased by high tree species 
diversity. 

Studying biotic and abiotic disturbances becomes in- 
creasingly important as well with contemporary changes in 
climate. Pests and other damaging agents can be affected 
directly, e. g. by accelerating their reproduction rates, or in-
directly by weakening the vigour of their host plants. There  
is evidence that forests in Central Europe have increasingly 
suffered and will further suffer from pests, diseases as well as 
from new pests that have not been a problem before, e. g. 
pine wood nematode (Bursaphelenchus xylophilus) or agents 
of ash decline (Chalara fraxinea) (Bolte et al., 2009). An in- 
creasing amount of timber had to be harvested due to  
mortality over the last years. Salvage cuttings following oak 
decline in Brandenburg, for example, increased from about 
6000 m3 in 1995 to 13.000 m3 in 2004 (Möller et al., 2006). In 
Baden-Württemberg (southwestern Germany), an average 
level of salvage cutting of around 30 % is reported for the 
total forest area during the period of 1986 to 2011. This is 
especially due to increased risks associated with the manage-
ment of Norway spruce in age-class forests, i. e. storm, 
drought and biotic disturbances (Schröter et al., 2012). The 
situation in Austria is quite similar, where Norway spruce is 
the dominating tree species as well: 19 % of the annual cut is 
salvage cutting for large forest owners (> 200 ha), compared 
to 14 % for small-scale forest owners (Büchsenmeister and 
Gschwantner, 2013, for the time period 1981 to 2009). Never-
theless, it should be mentioned that salvage cuttings are 
enhanced by record high standing volumes in German (and 
European) forests (European Commission, 2011; Oehmichen 
et al., 2011). Finally, forest fire has emerged as an increasingly 
important disturbance agent. In Brandenburg the number of 
fires rose in the past 20 years to around 500 occurrences per 
year, following dry episodes like in the years 1976, 1992  
and 2003 (Badeck et al., 2004). Fire hazards are expected  
to increase further in the future (Lasch-Born et al., 2015;  
Gerstengarbe et al., 2003). 

3.4  Adaptive capacity
Adaptive capacity of trees can be determined on the level of 
individual trees and (or) populations. On the level of indivi-
duals, plants can respond to environmental stresses with 
decline (mortality) or phenotypic plasticity (short-term res-
ponse; Nicotra et al., 2010; West-Eberhard, 2003). Popula-
tions, on the other hand, can adapt via evolutionary 

adaption, e. g. due to selection processes (long-term res-
ponse; Aitken et al., 2008). 

There is extensive literature on short-term stress res- 
ponse (stress concepts) of plants, such as the production of 
compatible solutes to stabilize the water potential of the 
plant after drought, cold or salt stress (Schulze et al., 2002). 
Substances in needles and leaves, which respond sensitively 
to environmental changes, can be used as proxies for en-
vironmental stress (biomarker analysis, see Kätzel, 2003). 
Besides, wood anatomical features can be studied, since 
trees continuously adapt to changing environmental condi-
tions by adjusting their hydraulic system (conduit size and 
pit structures, Fonti et al., 2010). Lastly, morphological para-
meters such as root area or the root-to-shoot ratio can be 
analysed, as they are considered adaptive traits, especially in 
response to drought (Fonti et al., 2010).

Selection processes on the population level as a conse-
quence of extreme events may lead to lower genetic diffe-
rentiation due to directional adaptation on specific environ-
mental factors (Hampe and Petit, 2005). The assessment of 
genetic variation within populations, before strong selection 
takes place, is therefore of fundamental importance for  
valuing their adaptive capacity (see section 4 on adaptation 
options).

3.5 Vulnerability assessment 
A qualitative assessment on the vulnerability of tree species 
and regions to changing environmental conditions takes 
into account sensitivity and adaptive capacity of tree species 
and forest stands (Kreft et al., 2013). In Germany, Norway 
spruce is considered as the most vulnerable tree species, as 
spruce was widely planted in monocultures outside of its 
natural range that frequently lack a species-site match (van 
der Maaten et al., 2009). Moreover, European ash and oak 
show signs of decline on many sites throughout Germany 
(Möller, 2009). Concerning the spatial variability of vulnerabi-
lity, regions such as the Berlin-Brandenburg (capital) area 
and parts of the Rhine valley are estimated to be highly  
vulnerable areas due to already low precipitation and un-
favourable soils with low water storage capacity (Stock et al., 
2009, Zebisch et al., 2005). 

4  Adaptation options and their  
compatibility to CNS

Vulnerability assessments (see chapter 3.5) allow the formu-
lation of adaptation strategies and options. Thereby, one 
may distinguish between passive and active adaptation  
(Millar et al., 2007). While passive adaptation is based on the 
use of forest succession (reduction of silvicultural input),  
active adaptation entails the use of silvicultural methods  
(e. g. tending, thinning, stand conversion) to change stand 
structures and composition in a way that the resulting forest 
is better adapted to climate change (Bolte et al., 2009). 
Among possible silvicultural options to implement adaptati-
on such as the increase of tree species richness and genetic 
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diversity of forests, the reduction of biotic and abiotic risks, 
actions in forest operations, and others (cf. Bolte et al., 2009; 
Spittelhouse and Stewart, 2003), this review focusses on 
increasing 

1)   tree species richness and structural diversity, and 
2)   genetic variation of tree populations (Figure 4). 
In sections 4.1 and 4.2 it is explored whether these adap-

tive forest management options are compatible with CNS 
(see also Brang et al., 2014 for an overview on diverse adap-
tation principles).

Figure 4  
Flow chart for silvicultural adaptation options.

4.1  Increase of species richness and structural 
diversity
The question how biodiversity affects the functionality of a 
forest ecosystem is of high relevance (functional biodiversity 
research, Scherer-Lorenzen, 2011). Here, a lack of research is 
obvious and it remains difficult to forecast the effect of mix-
tures in dependence of site and forest function (Pretzsch, 
2009). However, some first results can be mentioned. With an 
increase in species richness, compared to monoculture 
stands, the possibility to include tree species with sufficient 
fitness in the face of climate change is enhanced. Species-
rich tree populations often contain plants with different 
‘strategies’ concerning establishment and competitiveness 
(plant functional types, according to McArthur and Wilson, 
2001). Thus, resources such as light, water and nutrients can 
be spatially and temporarily used in a different way. In many 
cases, species-rich forests are thus more productive than less 
diverse forests (Pretzsch et al., 2010). 
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Recent vegetation function analyses support the finding that 
more ‘complex’, mixed forests with old-growth features show 
a higher stress tolerance 1 than homogeneous, intensively 
managed forests with a high level of disturbances and tim-
ber extraction (Norris et al., 2011). Stress-tolerant species (S) 
as well as competitive species (C) can be found in complex 
resilient ecosystems, whereas the ruderals (R) occur in more 
simplified and disturbed systems. Following this, the estab-
lishment of monospecific and unilayered coniferous stands 
dominated by ruderals (R) counteracts forest adaptation to 
(future) environmental stress, since S and R strategy are 
mutually exclusive. Therefore, climate change impacts can 
be buffered more successfully in a forest with a high capacity 
to respond to different disturbance agents, i.e. a forest with a 
high amount of stress-tolerant species which easily regain 
pre-disturbance functionality (Drever et al., 2006).

Furthermore, species richness in forests can lead to po-
sitive effects on soil water availability, compared to pure  
conifer stands (Mitscherlich, 1971). This is crucial, as water 
shortage will likely affect many forest ecosystems in the 
future. Although studies on the effect of species mixture on 
soil water availability are rare, there is evidence that intercep-
tion losses are higher in pure conifer stands with Scots pine 
and Norway spruce compared to broadleaved or mixed 
stands with European beech (Barbier et al., 2009; Berger et 
al., 2009). In a study in northeastern Germany, Müller (2009) 
found that mixtures of Scots pine with European beech  
attained higher seepage rates compared to pure Scots pine 
stands. This positive effect is due to reduced interception  
losses and a higher stemflow on broadleaved trees com-
pared to pine. Moreover, in pure (pine) stands the often thick 
ground vegetation layers lead to a further reduction of soil 
water with the negative consequences on tree transpiration 
and growth (Müller and Bolte, 2009).

Structural diversity in forests encompasses different age 
cohorts and size classes of trees and the spatial arrangement 
of different stand types on landscape level and structural  
elements such as large living and dead trees, coarse woody 
debris or seed producing tree clusters on stand level. These 
stand legacies provide essential ecosystem processes (e. g. 
seed dispersal, nutrient translocation) and preserve genetic 
information in the phase of an ecosystem’s recovery after dis-
turbance. They are important elements in the reorganization 
loop of the adaptive cycle (Bauhus et al., 2009; Drever et al., 
2006). Moreover, stand legacies contribute as important 
habitat to faunal species richness, e. g. as antagonist species 
which can curb biotic disturbances and thus reduce forest 
vulnerability. 

Compatibility to CNS and recommended measures
Generally, CNS provides mixed forests which in case of com-
plementary species mixtures enhance adaptive capacity of 
forests (Pretzsch et al., 2013). However, an application of  

1	 Stress tolerance according to Grime (1974) means adaptation to unfavor-
able environmental conditions and disturbances.
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silvicultural systems towards small-scale interventions  
narrows the tree species composition towards a mixture  
of mostly shade tolerant species. Where mixed stands al- 
ready exist, the maintenance of species diversity in forests is 
fundamental. Special emphasis should be laid on rare tree 
species, which are likely to increase a forests’ capacity to res-
pond to diverse disturbance agents. Where pure ‘high-risk’ 
stands occur, e. g. overstocked Norway spruce stands on 
unfavourable sites, a conversion into site-adapted and more 
resilient mixed forests should be considered. Over the last 
two decades, forest conversion has been a common strategy 
in Germany to restore more ‘natural’ forests at large scale by 
increasing the share of tree species of the natural forest 
cover. Norway spruce or Scots pine plantations, not suited for 
the respective sites, are underplanted with broadleaved tree 
species to create more stable and multifunctional forests for 
the future (Spiecker et al., 2004). According to the third  
National Forest Inventory in Germany (Thünen-Institut, 2015 
– BWI 2012), already 76 % of the forest land (all ownerships) 
is occupied by mixed stands where at least 10 % of another 
tree species is admixed (Thünen-Institut, 2015). 

Structural diversity is highly compatible with CNS. This 
supports the application of silvicultural systems with reten-
tion components (individuals or patches of hold-over trees) 
and old-growth attributes such a significant amount of dead-
wood (Bauhus et al., 2009). 

4.2  Incease of genetic variation
Genetic variation of plant populations is a consequence of 
population size and genetic differentiation. Mutation and 
selection enable a successive adaptation of populations to 
specific environmental conditions. On-going differentiation 
for long periods of time allows the establishment of specific 
population traits (so-called ecotypes; McArthur and Wilson, 
2001). Therefore, populations from refugial ranges (rear 
edges of species ranges) often show a higher genetic varia-
tion than more central populations (Hampe and Petit, 2005). 
For example, a higher genetic variation was shown for  
European beech in three southern European refugia com-
pared to the Central European species range (Comps et al., 
1998). 

The genetic variation within tree species and between 
populations (measurable by the frequency of alleles and 
genetic difference) is a precondition for the adaptive capa-
city of forests (Kätzel, 2010; Hamrick, 2004). On an individual 
level, the more variable the genetic response norms of trees 
to environmental factors, the higher the number of adapta-
tion options will be. Moreover, in populations with a high 
genetic variability, traits of trees which constitute advan-
tages concerning changing environmental conditions (i. e. 
adaptive traits) can more easily be developed in the process 
of evolution than in genetically narrow populations (Kätzel, 
2010; González-Martínez et al., 2006). Further, the strategy of 
sexual reproduction of trees very much determines the velo-
city of adaptation (Kätzel, 2010). A high seed production rate, 
short generations and ample seed dispersion enhance the 
chance of genetic variation on stand level and thus give 

pioneer species a significant advantage in adapting to fast 
environmental changes. Hence, natural forest regeneration 
profits from a high variety of mother trees and a long-term 
regeneration process. Planting can be an option to enrich the 
genetic pool of populations, especially if plants with verified 
genetic variation are used. In this respect, especially prove-
nances of tree species at range boundaries might be impor-
tant sources for ecotypes with specific adaptive traits (Bolte 
et al., 2007). In Germany, for example, drought and frost  
tolerance are becoming increasingly important traits with 
projected changes in climate. For beech and oak, which are 
the major broadleaved tree species used for conversion of 
coniferous forests, ecotypes from eastern range boundaries 
are promising, as the frequency of drought and frost events 
increases with continentality (Rose et al., 2009). 

As adaptive traits of trees are often under multigenic 
control, efficient tools to identify and understand the adap-
tive variation in tree populations are urgently needed. A 
severe constraint in the past was that with current state-of-
the art marker techniques such as isoenzyme and DNA  
marker, only a small number (20 and 150, respectively) of 
mostly non-adaptation relevant genetic locations could be 
analysed. In the future, however, sequencing and association 
mapping at candidate genes for adaptive traits (QTL tech-
nique) may provide more valuable information on adaptive 
capacity of trees (e. g. González-Martínez et al., 2006). 

Compatibility with CNS and recommended 
measures:
In general, the measures comprising an increase in genetic 
variation of tree populations fit well into the concept of CNS. 

In addition to long-term natural regeneration, a pro-
mising way could be the use of enrichment planting, e. g. 
with drought stress tolerant plants (Kolström et al., 2011). 
This inclusion of ecotypes (provenances) via assisted migra-
tion from regions where future climate patterns already exist 
is an important measure to increase adaptive capacity of 
forests. However, one may pay attention on other traits such 
as quality that could be inferior compared to local ecotypes 
(Kätzel and Löffler, 2007). 

5  Conclusions

Two main conclusions can be drawn from this review on vul-
nerability and forest adaptation needs to climate change for 
the case of Germany and CNS. 
1.)	An increase in species richness increases the variety of  
	 response norms which enhances the probability of the 
	 forests to resist or compensate for disturbances or the 
	 negative effect of extreme climatic events. 
2.)	For the development of an ecosystem towards increased 
	 adaptive capacity it is essential to enlarge the genetic var- 
	 ability of tree populations. Thus, the probability of the 
	 establishment of new adaptive traits can be raised, esp- 
	 cially when species with high production rates and ex- 
	 tensive seed dispersal are included. On the individual tree 
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	 level there is a need to improve the plant’s stress tolerance  
	 against climatic stressors, e.g. summer drought or late 
	 frost. 

Regeneration phases are essential ‘windows of opportu-
nity’ for forest adaptation. Variable types of regeneration cuts 
(single-tree selection, group selection and shelterwood) 
allow for a broad range of different species (and survival stra-
tegies) to regenerate and thus to enhance stand resilience. 
These regeneration systems emulate quite a significant part 
of possible natural disturbance events. However, the restric-
tions of CNS for the use of natural regeneration and ‘low 
impact’ interventions and the focus of CNS systems on mid- 
and late-successional tree species limit the options for 
human-induced assistance of adaptation, e. g. by introdu-
cing non-native or specific drought-resistant tree species 
and provenances, respectively or by applying extensive site 
preparation methods (small clear cuts included).

Ackowledgement

This review paper is linked to activities conducted within the 
COST Action FP1106: STReESS – Studying Tree Response to 
extreme Events: a SynthesiS.

References 

Aitken SN, Yeaman S, Holliday JA (2008) Adaptation, migration or extirpation : 
climate change outcomes for tree populations. Evol Appl 1:95-111

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, 
Kitzberger T, Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R, 
Zhang Z, Castro J, Demidowa N, Lim J, Allard G, Running SW, Semerci A, 
Cobb N (2010) A global overview of drought and heat-induced tree  
mortality reveals emerging climate change risks for forests. For Ecol  
Manage 259:660-684

Badeck FW, Lasch P, Hauf Y (2004) Steigendes klimatisches Waldbrandrisiko. 
AFZ Wald 59(2):90-93

Barbier S, Balandier P, Gosselin F (2009) Influence of several tree traits on  
rainfall partitioning in temperate and boreal forests : a review.  
Ann For Sci 66(602)

Bauhus J, Puettmann K, Messier C (2009) Silviculture for old-growth  
attributes. For Ecol Manage 258:525-537

Beck W (2009) Growth patterns of forest stands : the response towards  
pollutants and climatic impact. iForest 2:4-6

Beck W (2011) Impact of drought and heat on tree and stand vitality : results 
of the study commissioned by the Federal Ministry of Food, Agriculture 
and Consumer Protection [online]. To be found at <http://treering.de/
sites/default/files/TRACE_pdf/Volume_9/Beck_TraceVol_9.pdf> [quoted 
10.12.2015]

Becker P, Deutschländer Th, Koßmann M (2008) Klimaszenarien und Klima- 
folgen. Inf Raumentwickl 6/7:341-451

Berger TW, Inselsbacher E, Mutsch F (2009) Nutrient cycling and soil leaching 
in eighteen pure and mixed stands of beech (Fagus sylvatica) and spruce 
(Picea abies). For Ecol Manage 258:2578-2592

Bolte A, Czajkowski T, Kompa T (2007) The north-eastern distribution area of 
European beech : a review. Forestry 80(4):413-429

Bolte A, Ammer C, Löf M, Madsen P, Nabuurs GJ, Spathelf P, Rock J (2009) 
Adaptive forest management in Central Europe : climate change impacts, 
strategies and integrative concept. Scand J Forest Res 24(6):471-480, doi: 
10.1080/02827580903418224

Bolte A, Hilbrig L, Grundmann B, Kampf F, Brunet J, Roloff A (2010) Climate 
change impacts on stand structure and competitive interactions in a 

southern Swedish spruce-beech forest. Eur J Forest Res 129(3):261-276, 
doi 10.1007/s10342-009-0323-1

Bolte A, Degen B (2010) Anpassung der Wälder an den Klimawandel:  
Optionen und Grenzen. Landbauforsch 60(3):111-117

Brang P, Spathelf P, Larsen JB, Bauhus J, Bonccina A, Chauvin C, Drössler L, 
Garcia-Güemes C, Heiri C, Kerr G, Lexer MJ, Mason B, Mohren F, Mühle-
thaler U, Nocentini S, Svoboda M (2014) Suitability of close-to-nature  
silviculture for adapting temperate European forests to climate change. 
Forestry 87(4):492-503

Büchsenmeister R, Gschwantner T (2013) Groß- und Kleinwald gleichen sich 
bei Nutzungsgewohnheiten an. BFW-Praxisinformation 32:10-15

Büntgen U, Esper J, Frank DC (2008) How do trees react to climate change? : 
results from dendroclimatic research. JB Baumpflege 12:26-39

Comps B, Mátyás C, Letouzey J (1998) Genetic variation in beech populations 
(Fagus sylvatica L.) along the alpine chain and in the Hungarian basin. 
Forest Genetics 5:1-9

Donat MG, Leckebusch GC, Wild S (2011) Future changes in European winter 
storm losses and extreme wind speeds inferred from GCM and RCM 
multi-model simulations. Nat Hazards Earth Syst Sci 11:1351-1370

Drever CR, Peterson G, Messier C (2006) Can forest management based on 
natural disturbance maintain ecological resilience? Can J For Res 
36:2285-2299

EEA - European Environment Agency (2011) Global and European tempera-
tures (CSI 012/CLIM 001) : assessment published May 2011 [online]. To be 
found at <http://www.eea.europa.eu/data-and-maps/indicators/glob-
al-and-european-temperature/global-and-european-temperature-as-
sessment-4> [quoted 21.06.2012]

European Commission (2011) Forestry in the EU and the world : a statistical 
portrait. Luxembourg : Publ Off Europ Union, 107 pp

Fonti P, Arx G von, García-González I (2010) Studying global change through 
investigation of the plastic responses of xylem anatomy in tree rings. 
New Phytol 185:42-53

Friedrichs DA, Trouet V, Büntgen U (2009) Species-specific climate sensitivity 
of tree growth in Central-West Germany. Trees 23:729-739

Gastineau G, Soden BJ (2009) Model projected changes of extreme wind 
events in response to global warming. Geophys Res Lett 36(10), doi 
10.10292009GL037500

Gayer K (1886) Der gemischte Wald, seine Begründung und Pflege,  
inbesondere durch Horst-und Gruppenwirtschaft. Berlin, 168 p

Gerstengarbe F-W, Badeck F, Hattermann F (2003) Studie zur klimatischen 
Entwicklung im Land Brandenburg bis 2055 und deren Auswirkungen 
auf den Wasserhaushalt, die Forst-und Landwirtschaft sowie die Ablei-
tung erster Perspektiven. Potsdam : PIK, 79 p, PIK Rep 83

González-Martínez SC, Krutovsky KV, Neale DB (2006) Forest-tree population 
genomics and adaptive evolution. New Phytol 170:227-238

Grime JP (1974) Vegetation classification by reference to strategies. Nature 
250:26-31

Grossiord C, Granier A, Ratcliffe S (2014) Tree diversity does not always im-
prove resistance of forest ecosystems to drought. Proc Nat Acad Sci USA 
111:14812-14815

Hampe A, Petit RJ (2005) Conserving biodiversity under cimate change : the 
rear edge matters. Ecol Lett 8:461-467

Hamrick JL (2004) Response of forest trees to global environmental changes. 
For Ecol Manage 197:323-335

Hanewinkel M, Cullmann DA, Schelhaas MJ (2013) Climate change may cause 
severe loss in the economic value of European forest land. Nat Clim 
Change 3:203-207

Heyder JC (1986) Waldbau im Wandel. Frankfurt : Sauerländer, 602 p
IPCC (2007) Climate change 2007 : the physical science basis ; summary for 

policymakers ; contribution of Working Group I to the fourth assessment 
report of the Intergovernmental Panel on Climate Change. [online]. To be 
found at <http://www.slvwd.com/agendas/Full/2007/06-07-07/Item%20
10b.pdf> [quoted 08.01.2016]

Johann E (2006) Historical development of nature-based forestry in Central 
Europe. In: Diaci J (ed) Nature-based forestry in Central Europe : alter- 
natives to industrial forestry and strict preservation. Ljubljana : Univ  
Ljubljana, pp 1-17, Studia Forestalia Slovenica 126



169P. Spathelf, A. Bolte, E. van der Maaten  ·  Landbauforsch  ·  Appl Agric Forestry Res  ·  3/4 2015 (65)161-170

Kätzel R (2003) Biomarker als Indikatoren zur Bewertung des Vitalitätszu- 
standes der Gemeinen Kiefer (Pinus sylvestris L.) im norddeutschen  
Tiefland. Dresden : Univ, 242 p

Kätzel R (2010) Conservation of forest genetic resources : the basis for  
adaptability in managed forests. In: Spathelf P (ed) Sustainable forest 
management in a changing world : a European perspective. Dordrecht : 
Springer, pp 93-114, Managing forest ecosystems 19

Kätzel R, Löffler S (2007) Die physiologischen Ökotypen der Kiefer in 
Brandenburg. In: Kätzel R (ed) Die Kiefer im nordostdeutschen Tiefland : 
Ökologie und Bewirtschaftung. Eberswalde, pp 125-131, Eberswalder 
Forstl SchR 32

Knoke T, Ammer C, Stimm B (2008) Admixing broadleaved to coniferous  
tree species a review on yield, ecological stability and economics.  
Eur J For Res 127:89-101

Kolström M, Lindner M, Vilén T, Maroschek M, Seidl R, Lexer MJ, Netherer S, 
Kremer A, Delzon S, Barbati A, Marchetti M, Corona P (2011) Reviewing 
the science and implementation of climate change adaptation measures 
in European forestry. Forests 2:961-982

Kreft S, Tucci F, Schluck M (2013) Indexbasierte Vulnerabilitätsabschätzung  
für Schutzgebiete und Ableitung von Handlungsoptionen.  
In: Vohland K (ed) Schutzgebiete Deutschlands im Klimawandel : Risiken 
und Handlungsoptionen. Münster : Landwirtschaftsverl, pp 177-218,  
Naturschutz Biol Vielfalt 129

Lasch-Born P, Suckow F, Gutsch M (2015) Forests under climate change :  
potential risks and opportunities. Meteorol Zeitschr 24:157-172

Lindner M, Maroschek M, Netherer S (2010) Climate change impacts,  
adaptive capacity, and vulnerability of European forest ecosystems.  
For Ecol Manage 259:698-709

Lindner M, Fitzgerald JB, Zimmermann (2014) Climate change and European 
forests : what do we know, what are the uncertainties, and what are the 
implications for forest management? J Environ Manage 146:69-83

McArthur RH, Wilson EO (2001) The theory of island biogeography. Princeton ; 
Princetown Univ Pr, 203 p

Menzel A (2006) Zeitliche Verschiebungen von Austrieb, Blüte, Fruchtreife 
und Blattverfärbung im Zuge der rezenten Klimaerwärmung [online].  
To be found at <http://www.wsl.ch/dienstleistungen/publikationen/
pdf/7659.pdf> [quoted 10.12.2015]

Millar CI, Stephenson NL, Stephens SL (2007) Climate change and forests of 
the future : managing in the face of uncertainty. Ecol Appl 17:2145-2151

Min SK, Zhang X, Zwiers FW (2011) Human contribution to more-intense  
precipitation extremes. Nature 470:378-381

Mitscherlich G (1971) Wald, Wachstum und Umwelt. Fankfurt a M :  
Sauerländer, 365 p

Möller A (1922) Der Dauerwaldgedanke : sein Sinn und seine Bedeutung.  
Berlin : Springer, 84 p

Möller K, Apel KH, Engelmann A (2006) Zur Beteiligung von Insekten am  
aktuellen Krankheitsgeschehen der Eiche in Brandenburg. In: Aktuelle  
Ergebnisse und Fragen zur Situation der Eiche und ihrer Bewirtschaftung 
in Brandenburg. Potsdam, pp 59-64, Eberswalder Forstl SchR 25

Möller K (2009) Aktuelle Waldschutzprobleme und Risikomanagement in 
Brandenburgs Wäldern. In: Spathelf P (ed) Wald im Klimawandel : Risiken 
und Anpassungsstrategien. Potsdam : Minist Infrastruktur Landwirtsch 
Landes Brandenburg, pp 63-72, Eberswalder Forstl SchR 42

Müller J (2009) Forestry and water budget of the lowlands in northeast  
Germany : consequences for the choice of tree species and for forest 
management. J Water Land Dev 13a:133-148

Müller J, Bolte A (2009) The use of lysimeters in forest hydrology research in 
north-east Germany. Landbauforsch 59(1):1-10

Nemani RR, Keeling CD, Hashimoto H (2003) Climate-driven increases in  
global terrestrial net primary production from 1982 to 1999. Science 
300:1560-1563

Nicotra AB, Atkin OK, Bonser SP (2010) Plant phenotypic plasticity in a  
changing climate. Trends Plant Sci 15:684-692

Norris C, Ibisch P, Hobson P (2011) Searching for empirical evidence of forest 
resilience : developing indicators of the thermodynamic efficiency of 
ecosystems. In: Knapp HD (ed) Beech forests : joint natural heritage of  
Europe: workshop at the International Academy für Nature Conservation 
Isle of Vilm October 19-22,2010. Bonn : BfN, pp 77-85, BfN-Skripten 297

Oehmichen K, Demant B, Dunger K, Grüneberg E, Hennig P, Kroiher F, Neu-
bauer M, Polley H, Riedel T, Rock J, Schwitzgebel F, Stümer W, Wellbrock 
N, Ziche D, Bolte A (2011) Inventurstudie 2008 und Treibhausgasinventar 
Wald. Braunschweig : vTI, 164 p, Landbauforsch SH 343

Pachauri RK, Mayer L (eds) (2014) Climate change 2014 : synthesis report. Ge-
neva : IPCC, 151 p

Pommerening A, Murphy ST (2004) A review of the history, definitions and 
methods of continuous cover forestry with special attention to  
afforestation and restocking. Forestry 77:27-44

Pretzsch H, Block J, Dieler J (2010) Comparison between the productivity of 
pure and mixed stands of Norway spruce and European beech along an 
ecological gradient. Ann For Sci 67(712)

Pretzsch H, Schütze G, Uhl E (2013) Resistance of European tree species to 
drought stress in mixed versus pure forests : evidence of stress release by 
inter-specific facilitation. Plant Biol 15:483-495

Pretzsch H (2003) Diversität und Produktivität von Wäldern.  
Allg Forst- Jagdztg 174:88-98 

Pretzsch H (2009) Produktivitätsrelation zwischen Fichte und Fichte/Buche : 
Konsequenzen angesichts des Klimawandels. LWF Wissen 63:44-55

Puettmann KJ, Coates KD, Messier C (2009) A critique of silviculture :  
managing for complexity. Washington : Island Pr 189 p

Reyer CP, Leuzinger S, Rammig A (2013) A plant’s perspective of extremes : 
terrestrial plant responses to changing climatic variability. Global  
Change Biol 19:75-89

Rose L, Leuschner C, Köckemann B (2009) Are marginal beech (Fagus sylvatica 
L.) provenances a source for drought tolerant ecotypes? Eur J Forest Res 
128:335-343

Scharnweber T, Manthey M, Criegee C (2011) Drought matters : declining  
precipitation influences growth of Fagus sylvatica L. and Quercus robur L. 
in north-eastern Germany. For Ecol Manage 262:947-961

Schelhaas MJ, Nabuurs GJ, Schuck A (2003) Natural disturbances in the  
European forests in the 19th and 20th centuries. Global Change Biol 
9:1620-1633

Scherer-Lorenzen M (2011) Bedeutung der Biodiversität im Wald : drei Jahr-
zehnte naturnaher Waldbau in Baden-Württemberg. AFZ Wald 65:28-29

Schlyter P, Stjernquist I, Bärring L (2006) Assessment of the impacts of climate 
change and weather extremes on boreal forests in northern Europe, 
focusing on Norway spruce. Clim Res 31:75-84

Schröder J (2009) Risiken durch Witterungsextreme für Kiefer und Eiche in 
Nordostdeutschland : Ansätze zur Schätzung des Gefährdungs- 
potenzials. In: Spathelf P (ed) Wald im Klimawandel : Risiken und  
Anpassungsstrategien. Potsdam : Minist Infrastruktur Landwirtsch  
Landes Brandenburg, pp 35-43, Eberswalder Forstl SchR 42

Schröter H, Delb H, John R, Metzler B, Mösch S (2012) Waldschutzsituation 
2011/2012 in Baden-Württemberg. AFZ Wald 7:8-11

Schütz JP (1999) Close-to-nature silviculture : is this concept compatible with 
species diversity? Forestry 72:359-366

Schulze E-D, Beck E, Müller-Hohenstein K (2002) Pflanzenökologie.  
Heidelberg : Spektrum Akad Verl, 846 p

Schweingruber FH (1996) Tree rings and environment dendroecology.  
Berne : Haupt, 609 p

Spathelf P (1997) Seminatural silviculture in southwest Germany. Forestry 
Chronicle 73:715-722

Spiecker H, Hansen J, Klimo E (2004) Norway spruce conversion : options and 
consequences. Leiden : Eur Forest Inst, 269 p, Res Rep Eur Forest Inst 18

Spittlehouse DL, Stewart RB (2003) Adaptation to climate change in forest 
management [online]. To be found at <http://jem.forrex.org/index.php/
jem/article/view/254> [quoted 11.12.2015]

Stock M (2008) Klimawandel und Szenarien für Deutschland und ihre  
möglichen Folgen für Land-und Wasserwirtschaft. Arch Tierz 51:5-11

Stock M, Kropp JP, Walkenhorst O (2009) Risiken, Vulnerabilität und  
Anpassungserfordernisse für klimaverletzliche Regionen. Raumforsch 
Raumordn 67:97-113

Thomasius H (1996) Geschichte, Theorie und Praxis des Dauerwaldes : er- 
weiterte Fassung eines Vortrages anläßlich der gemeinsamen Tagung 
1996 des Landesforstvereins, der Arbeitsgemeinschaft Naturgemäße 
Waldwirtschaft und der Schutzgemeinschaft Deutscher Wald  
Sachsen-Anhalt am 14.05.1996 in Garitz bei Dessau.  
Ebrach : ANW-Bücherdienst, 64 p



170   
P. Spathelf, A. Bolte, E. van der Maaten  ·  Landbauforsch  ·  Appl Agric Forestry Res  ·  3/4 2015 (65)161-170

Thünen-Institut (2015) Dritte Bundeswaldinventur – Ergebnisdatenbank. To 
be found at: <https://bwi.info/> [quoted 13.04.2015]

Turner BL, Kasperson RE, Matson PA (2003) A framework for vulnerability  
analysis in sustainability science. Proc Nat Acad Sci 100:8074-8079

van der Maaten-Theunissen M, Kahle HP, van der Maaten E (2013) Drought 
sensitivity of Norway spruce is higher than that of Silver fir along an  
altitudinal gradient in southwestern Germany. Ann For Sci 70:185-193

van der Maaten ECD, Spathelf P, Köthke M, Schall P, Taeger S, Menzel SA, Bolte A, 
Ammer C, Spiecker H (2009) Country report Germany : in the frame of COST 
Action FP0703 ECHOES: Expected Climate cHange and Options for Europe-
an Silviculture [online]. To be found at <http://docs.gip-ecofor.org/public/
echoes/Echoes_Germany_Report_oct09.pdf> [quoted 15.12.2015]

West-Eberhard MJ (2003) Developmental plasticity and evolution. Oxford : 
Oxford Univ Pr, 794 p

Wigley TM (2009) The effect of changing climate on the frequency of absolute 
extreme events. Clim Change 97:67-76

Zebisch M, Grothmann T, Schröter D, Hasse C, Fritsch U, Cramer W (2005) Cli-
mate change in Germany : vulnerability and adaption of climate sensitive 
sectors [online]. To be found at <https://www.umweltbundesamt.de/
sites/default/files/medien/publikation/long/2974.pdf> [quoted 
15.12.2015]


