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Chapter 3
Assessment of Indicators for Climate 
Smart Management in Mountain Forests
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M. Pfatrisch, B. Stajić, K. Stimm, and E. Uhl

Abstract This chapter addresses the concepts and methods to assess quantitative 
indicators of Climate-Smart Forestry (CSF) at stand and management unit levels. 
First, the basic concepts for developing a framework for assessing CSF were 
reviewed. The suitable properties of indicators and methods for normalization, 
weighting, and aggregation were summarized. The proposed conceptual approach 
considers the CSF assessment as an adaptive learning process, which integrates 
scientific knowledge and participatory approaches. Then, climate smart indicators 
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were applied on long-term experimental plots to assess CSF of spruce-fir-beech 
mixed mountain forest. Redundancy and trade-offs between indicators, as well as 
their sensitivity to management regimes, were analyzed with the aim of improving 
the practicability of indicators. At the management unit level, the roles of indica-
tors in the different phases of forest management planning were reviewed. A set of 
56 indicators were used to assess their importance for management planning in 
four European countries. The results indicated that the most relevant indicators 
differed from the set of Pan-European indicators of sustainable forest manage-
ment. Finally, we discussed results obtained and future challenges, including the 
following: (i) how to strengthen indicator selections and CSF assessment at stand 
level, (ii) the potential integration of CSF indicators into silvicultural guidelines, 
and (iii) the main challenges for integrating indicators into climate-smart forest 
planning.

3.1  Introduction

In many countries worldwide, a transition from the paradigm of sustainable man-
agement focused on wood production (von Carlowitz 1713) toward multi-criteria 
forest ecosystem management is observed (Lindner 2000; Bolte et al. 2009; Messier 
et al. 2013, 2015; Bončina et al. 2019). The main causes for this paradigmatic shift 
(Yaffee 1999) are related to the enhanced need for various ecosystem services 
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beyond forest products, such as recreation, protection of biodiversity (De Groot 
et al. 2002), but also the finding that diverse forests may have higher stability and 
recover capability in view of environmental threats (Knoke et al. 2008; Biber et al. 
2015). The tools for monitoring, assessing, and managing forest ecosystems origi-
nally developed from sustainable wood production forestry (Hundeshagen 1826, 
1828, Speidel 1972, pp. 162–164). In view of the paradigm shift, they need to be 
adapted to the extended scope and multiple criteria of forest ecosystem analyses and 
forest management (Pretzsch et  al. 2008; Schwaiger et  al. 2019; Hilmers et  al. 
2020). Examples for such an extension are criteria and related indicators for address-
ing biodiversity (Schulze et al. 2004; Geburek et al. 2010; Heym et al. 2021) or 
nutrients balance (Stupak et al. 2011), needed for sustainability.

Sustainability indicators quantify the state and the development of specific 
aspects of forest ecosystems and management in order to describe, assess, and man-
age forests regarding ecological, economical, and socioeconomical criteria (Azar 
et  al. 1996; Pretzsch and Puumalainen 2002). Climate smartness has been intro-
duced as a new concept for sustainable forest management (SFM) in view of climate 
change (Bowditch et al. 2020). According to Bowditch et al. (2020), Climate-Smart 
Forestry (CSF) is defined as “sustainable adaptive forest management and gover-
nance to protect and enhance the potential of forests to adapt to, and mitigate cli-
mate changes. The aim is to sustain ecosystem integrity and functions and to assure 
the continuous delivery of ecosystem goods and services (ESs), while minimizing 
the impact of climate-induced changes on mountain forests on well-being and 
nature’s contribution to people”.

This can be perceived as a new dimension of forest management, protection, 
health, and stability in terms of the current European perspective of sustainability 
(MCPFE 1993; Mayer 2000), which strengthens the delivery of ESs. In order to 
make it operational for monitoring and management purposes, climate smartness 
may be characterized by criteria and quantitative indicators (Pretzsch 2009, 
pp. 536–537).

The aim of this chapter is to evaluate criteria and indicators for CSF assessment 
at stand and management unit level. In detail, we (i) review existing approaches for 
CSF assessment, (ii) develop a list of indicators for climate smartness quantification 
at stand level, (iii) exemplarily apply a set of climate smartness indicators at stand 
level to mixed mountain forests, (iv) review concepts to integrate criteria and indica-
tors of CSF in forest management planning; and (v) discuss the developed approaches 
and concepts in order to evaluate and demonstrate their potential impact on adaptive 
forest ecosystem management in terms of Lindner (2000) and Bolte et al. (2009). 
Notice that Chapter 4 of this book (Temperli et al. 2021) further derives the idea of 
smartness criteria and indicators at the spatial units beyond the stand and forest 
management unit level, i.e., at the regional or national scales.
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3.2  Concepts for Assessing Climate-Smart Forestry at Stand 
and Forest Management Unit Level

The assessment of CSF can be done at different spatial scales, from stand or man-
agement unit levels, both directly linked to forest practice, to large scales such as 
regional, national, or global, which are more relevant for forest policy issues. 
Criteria and indicators (C&I) selected by Bowditch et al. (2020) in the framework 
of (CSF) definition were based on the Pan-European C&I for sustainable forest 
management (SFM), which are suitable to address adaptation to and mitigation of 
climate change (see also Chap. 2 of this book; Weatheral et al. 2021). Some few 
more indicators were added to the existing concept. The assessment of C&I of SFM 
and CSF have been widely developed at large scales, such as national scale 
(Wijewardana 2008; Pülzl et al. 2012; Santopuoli et al. 2020). However, the selec-
tion of indicators and their assessment, including their standardization and weight-
ing for aggregation to a smartness composite indicator, should be adapted at the 
scale they are going to be used. Here, we focus on stand and forest management 
unit levels.

3.2.1  Indicator Selection

When selecting C&I, there are several recommended characteristics to be consid-
ered (e.g., Vacik and Wolfslehner 2004; Hagan and Whitman 2006; Reed et  al. 
2006), which might be more or less relevant depending on the goals and the scale of 
application. Among them, the following properties can be highlighted for CSF 
assessment at stand and forest management unit level:

 – Relevance – the indicator is closely related with the criteria, with sound scientific 
information that support this relation (e.g., carbon stocks in aboveground 
biomass).

 – Sensitivity – the indicator provides a measure so that changes in the indicator 
directly reflect observed changes in the climate smartness criteria. They can be 
linear (positive or negative) or nonlinear. As the aim is to characterize climate 
smartness of forest management, it is important that the indicator is sensitive to 
different management options.

 – Practicality – the indicator is easily estimated from the available information or 
can simply integrate existing information, i.e., at stand level from forest invento-
ries, remote sensing images, or visual assessments without need for additional 
analyses.

 – Understandability and utility – the indicator is clearly understandable and inter-
pretable by different users and can be easily applied in forest practice.

Other characteristics, like the indicator providing a direct measure instead of 
using a surrogate function (“validity” in Vacik and Wolfslehner 2004), may be less 
relevant at stand or landscape level. For some functions covered by the concept of 
CSF, it is not always possible to provide direct indicators at stand level as it would 
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require additional measurements, analysis, or even destructive sampling, which 
could reduce their practicality and utility. For instance, for assessing biodiversity, 
the number of large trees or microhabitats is often used as surrogate of flora and 
fauna diversity (Winter and Möller 2008; Alberdi et al. 2013).

In some cases, there is a trade-off between practicality and scientific rigorous-
ness of indicators. Generally, indicators developed based on local context (bottom-
 up approach) prioritize the practicality, while indicators derived from expert and 
scientific knowledge (top-down approach) are generally more rigorous (Reed et al. 
2006). However, the practicality, understandability, and utility are indeed key char-
acteristics for the implementation of C&I for CSF assessment. Therefore, indicators 
based on top-down approach should be tested and evaluated in a local context. This 
means that adaptive learning processes for indicator development and assessment 
are recommended ways to improve the robustness and utility of methods (Reed 
et al. 2006) (Fig. 3.1).

3.2.2  Indicator Normalization

To compare the values of different indicators and to aggregate them into a compos-
ite indicator that summarizes the complement of several criteria, in our case for the 
CSF at stand and management unit (landscape) level, it is necessary to normalize or 
standardize the different indicators as they may be defined in different bit compa-
rable units.

Fig. 3.1 Adaptive learning process for developing the framework to assess CSF at stand and man-
agement unit levels

3 Assessment of Indicators for Climate Smart Management in Mountain Forests
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According to Pollesch and Dale (2016), three aspects can be considered when 
normalizing indicators: (i) the indicator bearing, i.e., whether an increase in the 
indicator means an approach to the “ideal” (i.e., optimal, theoretical) value or more 
distance; (ii) whether the normalization is internal or not, i.e., based on the data set; 
and (iii) the normalization scheme or method used. Different methods of normaliza-
tion have been presented for standardizing indicators (e.g., Pollesch and Dale 2016); 
here, we summarized them in three groups:

 (a) Ratio and z-score normalization methods. Ratio normalizations use the mini-
mum, the maximum, or both values from the data set, whereas the z-score nor-
malization is based on the mean and standard deviation of the data set. In this 
group, the normalization is therefore internal.

 (b) Target normalization schemes or goal standardization, which use a baseline 
and/or target values for transformation (different functions can be used). The 
advantage of the target normalization schemes is that they can be used with 
various data sets.

 (c) Benchmarking normalization function or value function approach, which 
assigns a normalized value to each indicator value based on existing knowledge 
(scientific knowledge, expert knowledge, questionnaires, etc.). It can be done 
by the direct rating, difference standard sequence technique, or mid-value 
method. As with the target normalization schemes, this method is not internal.

The method used for standardization is relevant as it can strongly influence the 
results and final climate smartness assessment (Talukder et al. 2017). When devel-
oping a framework for CSF assessment at the stand and forest management unit 
level, several normalization methods can be jointly applied for indicators, depend-
ing on data sources, knowledge, and indicator nature. However, aiming to develop a 
CSF assessment process that can be broadly applied internal methods should be 
avoided.

3.2.3  Weighting and Aggregating

Once indicators are assessed, a common option is to aggregate them into a compos-
ite indicator, which reflects the status of the object under evaluation. In some cases, 
different sub-indicators are also aggregated in a composite indicator linked to crite-
ria. However, such aggregation is not always well accepted as the final value can 
involve loss of meaning and other disadvantages (OECD 2008, pp. 14). One com-
mon option is to avoid aggregation by the use of graphical summary of indicators, 
e.g., wheel or amoeba diagrams (Reed et al. 2006).

The way to weight the different indicators is probably the most challenging task 
when using composite indicators. Different weighting and aggregation methods to 
develop composite indicators were recently reviewed by Greco et al. (2019). Here, 
we briefly summarized the most relevant aspects and methods for developing C&I 
of CSF at stand and forest management unit level.

M. del Río et al.
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The simplest option is not weighting, i.e., giving the same value to each indica-
tor/sub-indicator and then average or sum them. In this case, it can be particularly 
important to aggregate first the sub-indicators of a given indicator (same dimension) 
in a unique value or even all the indicators linked to a given criterion. This means 
that the final weight of some sub-indicators will vary. This method is often applied 
due to its objectivity and simplicity in spite of neglecting different relevance of 
indicators and correlations among them.

One option to weight indicators is to focus on data sources and nature of indica-
tors, assigning higher weight to indicators based on more trustworthy and sound 
data (Freudenberg 2003). In the case of CSF, it is reasonable to consider to what 
extent an indicator is linked to adaptation and mitigation issues, giving more weight 
to indicators which are directly and accurately related to them, e.g., carbon stocks 
related to mitigation. However, the best approaches to avoid biases related to indica-
tors’ nature and data availability are those based on participatory processes. There 
are different participatory approaches such as the budget allocation process, in 
which participants have to distribute “n” points among indicators; the analytic hier-
archy process based on pairwise comparisons of importance expressed on an ordi-
nal scale; and conjoint analysis based on participant’s preferences. The participatory 
approaches are difficult to implement when the aim of the C&I assessment is not 
clearly communicated or when there are too many indicators (Greco et al. 2019). 
Regarding C&I of CSF, it may be challenging for the participants to balance the 
different components of the CSF definition, i.e., sustainability, adaptation, mitiga-
tion, and ecosystem service provision (Bowditch et al. 2020).

Other options consider the relationship among indicators/sub-indicators in the 
weighting process or data-driven weights. These methods are based on different 
statistical methods, such as correlation analysis, multiple linear regression, princi-
pal component analysis (PCA), or data envelopment analysis (DEA). For example, 
the factor loadings of the first component of the PCA can be used as weights of the 
single indicators.

Regarding the aggregation, which is the final step in developing a composite 
indicator, different classification approaches are introduced in literature. Following 
the review by Greco et al. (2019), they can be divided in compensatory and non- 
compensatory aggregation, besides other mixed strategies. In compensatory 
approaches, for instance, using averages (arithmetic, geometric, etc.), a low value of 
one indicator can be compensated by a high value of another indicator. This approach 
bears the risk of hiding existing trade-offs between indicators resulting in undesir-
able incoherencies with the applied weighting. Using geometric averages instead of 
arithmetic averages can reduce the compensability among indicators (OECD 2008). 
Non-compensatory methods based on multi-criteria decision analysis avoid com-
pensations among indicators and inconsistencies with the weighting process and 
thus involve a more complex analysis. Consequently, the method has not received a 
wide application to natural resource management outside of theoretical studies. 
While the compensatory technique provides a sound measure of overall perfor-
mance of a given system (e.g., forest system), the non-compensatory technique 
alerts decision makers to presence of particularly poor performance with respect to 
individual criteria (cf. Jeffreys 2004).

3 Assessment of Indicators for Climate Smart Management in Mountain Forests
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3.2.4  Framework for CSF Assessment at Stand 
and Management Unit Level

To build up a framework for assessing CSF involves all steps, described above, from 
selection to aggregation of indicators into a composite CSF indicator (Fig. 3.1). In 
each step, different options with varying degrees of complexity can be selected, 
which can result in different weaknesses and strengths of the process and finally in 
different smartness assessments. Thus, any developed framework should be tested 
several times and iteratively refined until reaching a consolidated version, i.e., the 
development should be an adaptive learning process.

Science-based indicators and normalization and aggregation methods frequently 
derive in complex approaches, which later can be hardly applied in forest practice 
(top-down approaches). Contrary, other approaches focus on end-users’ perceptions 
and local context to guarantee further application (bottom-up) but which can fail in 
assessment accuracy. Following Reed et al. (2006), an iterative learning process, 
which integrates top-down and bottom-up approaches, may result in a scientifically 
rigorous and feasible final framework.

Focusing on CSF assessment at stand and management unit level, any approach 
may unquestionably consider the integration of forest managers through participa-
tory methods to warranty applicability. The extensive scientific knowledge on forest 
dynamics and management can assure the reliability of the process. On the other 
hand, information provided by long-term experiments in mountain forests (Pretzsch 
et al. 2019, 2021) as well as the more sophisticated and accurate forest models and 
decision support systems (Mäkelä et  al. 2012) can help to test and improve the 
developed framework (Fig. 3.1). In the following paragraphs, we draft an approach 
for developing a framework to assess CSF at stand and management unit levels.

3.3  Assessment of CSF in Mountain Forest Stands: 
Exemplified by Norway Spruce-Silver Fir-European 
Beech Mixed Stands

3.3.1  Development of C&I Framework for Assessing 
Indicators of CSF at Stand Level

A forest stand is the smallest unit where forest management activities are decided 
on and implemented. Type and intensity of the management activities (e.g., thinning 
type, regeneration) depend on the management objectives and the current status of 
forest stands. Objectives may be manifold like timber production and/or forest for 
recreation or protection. Here, we describe an approach for assessing CSF at stand 
level when climate smartness (e.g., adaptation, mitigation) is intended to act as a 
general management strategy. The method presented can be generally used for 
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assessing CSM at stand level. Through subsequent evaluations, the effect of man-
agement on the development of climate smartness can be monitored.

The approach was developed by using data from 12 long-term plots in the 
Bavarian Alps for assessing CSF in mixed stands of Norway spruce (Picea abies 
L- Karst), silver fir (Abies alba Mill.), and European beech (Fagus sylvatica L.) in 
mountain areas. Later, it was adapted to mixed mountain forests in other regions 
using six long-term plots in Bosnia and Herzegovina and two plots in Slovenia, as 
well tested in long-term experimental plots. However, the developed framework can 
be readjusted to other forest types, management systems, and regions by adapting 
the normalization of indicators/sub-indicators to specific characteristics of the 
respective region.

3.3.1.1  Selection of Indicators

We selected a subset of climate smartness indicators (Bowditch et al. 2020) that 
relate to stand-level characteristics (Table  3.1). A standardized protocol for data 
recording and assessment was set up (Pfatrisch 2019). This includes the definition 
of up to five quantitatively measurable or ratable characteristics of the indicator 
(sub-indicators) (Table 3.1). In our study, detailed yield data from long-term experi-
mental plots were used, but the protocol is also applicable using yield data from 
common forest inventories and some additional information, which can be easily 
compiled in the field.

The values of the stand-specific indicator/sub-indicators were derived from 
existing measurements and from estimations in situ following standardized proce-
dures (e.g., Level I protocol for 2.3 defoliation (Forest Europe 2015)). Some indica-
tor values were assessed on species level (e.g., 4.3 naturalness) and then aggregated 
at stand level. Others are only evaluated on stand level (e.g., 1.2 growing stock).

3.3.1.2  Normalization

The indicator values need to be normalized to compare different sub-indicators and 
to aggregate them. The basic principle of the assessment was to reference the plot- 
specific values of the sub-indicators’ characteristics in relation to reference values 
derived from existing information and knowledge. For most of the sub-indicators, 
target normalization schemes (goal standardization) were employed, using the tar-
get values either as a maximum or minimum threshold or as a mean reference value. 
For the other indicators/sub-indicators, the direct-rating approach (benchmarking 
normalization function approach) was used.

The transforming functions used in the target normalization schemes were linear, 
following three main patterns depending on the indicator bearing and reference val-
ues. When the benchmarking value represents the maximum value desired an 
increasing function was used, having the optimum at the maximum value of 1 
(Fig.  3.2a), e.g., the maximum aboveground carbon stock expected for N. 
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Table 3.1 Selected climate-smart indicators and corresponding characteristics of assessment 
(sub-indicators), required plot data

Nr Indicator Sub-indicators Abbrev. Required plot data

1.2 Growing stock Growing stock G_1.2 Growing stock in m3/ha
1.3 Diameter 

distribution
Diameter/age 
distribution

Dd_1.3 Diameter distribution in defined 
classes

1.4 Carbon stock Carbon Stock C_1.4.1 Carbon stock in C t/ha
Development of 
Carbon Stock

C_1.4.2 10-year change of carbon stock C 
t/ha

Substitution C_1.4.3 Total quantity of carbon 
substitution in the last 10 years by 
products from fellings

2.3 Defoliation Defoliation Def_2.3 Estimated needle/leaf loss of five 
dominant trees per species

2.4 Forest damage Risk probability Dam_2.4.1 Estimated risk probability of 
different forest damages

Impact of damage Dam_2.4.2 Estimated impact of forest 
damages

2.5 Stability Slenderness 
coefficient

Stb_2.5.1 Slenderness coefficient

Tree height Stb_2.5.2 Tree height in m
Stock density Stb_2.5.3 Stock density (yield table related)

3.1 Increment and 
fellings

Increment IF_3.1.1 Annual increment in m3/ha
Fellings IF_3.1.2 Average annual fellings in m3/ha
Effect on growing 
stock

IF_3.1.3 Annual relative rate toward target 
growing stock

4.1 Tree sp. 
suitability

Tree species 
suitability

Sp_4.1 Site suitability of occurring tree 
species weighted by species- 
specific basal area proportion

4.2 Regeneration Regenerated area Reg_4.2.1 Area proportion of regeneration in 
%

Height of 
regeneration

Reg_4.2.2 Area related height of the 
regeneration in cm

Density of 
regeneration

Reg_4.2.3 Plant density of regeneration in 
plants/ha

Regeneration 
potential

Reg_4.2.4 Number of tree species in 
regeneration and main stand

Browsing Reg_4.2.5 Estimated damage by browsing
4.3 Naturalness Naturalness (stand 

establishment)
Nat_4.3.1 Type of stand historic regeneration 

and species choice
Naturalness (sp. 
composition)

Nat_4.3.2 Tree species basal area in % and 
dominance % rate in the 
regeneration

Soil scarification Nat_4.3.3 Impact factor for and scarification 
of soil

4.4 Introduced tree 
sp.

Introduced tree 
species

Int_4.4 Tree species stem number in %

(continued)
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spruce- silver fir-E. beech mixture in Bavaria is 360 C t·ha−1. This value was derived 
from unmanaged long-term yield trials located in the Bavarian Alps. When the opti-
mum represents a minimum value, a decreasing function was applied (Fig. 3.2b), 
e.g., difference between the “ideal” size distribution and observed distribution, for 
which no difference is the best value (1). In other cases, the reference value repre-
sents a maximum within a range, with an increasing function below this reference 
and a decreasing function above this (Fig. 3.2c), e.g., optimum growing stock for 
rich sites is 350 m3ha−1 (Bayerische Staatsforsten 2018). Independently of the pat-
tern, when the reference value benchmarks a regional mean value, it is correlated to 
the smartness value of 0.5, e.g., for volume increment, the average value in Bavaria 
is used as reference for mean smartness 0.5. When necessary, the functions were 
truncated in order to assign a 0 or a 1 beyond established limits (Fig 3.2d). For 
instance, for the coefficient of slenderness as stability indicator, below 40 always 
means the highest smartness (1) and above 120 always the lowest (0), assigning a 
mean smartness (0.5) to a coefficient of slenderness of 80 (Pretzsch 2009). In some 
cases, only a one-sided truncation was applied.

Due to practicality, some indicators were estimated by direct rating. This method 
was applied when required measurements for indicator estimation would involve 
long time-consuming and expensive work or when the indicator expresses a qualita-
tive aspect that can be assessed by discrete classes. For example, the sub-indicator 
browsing damage was assessed in the field classifying the damage in four classes 

Table 3.1 (continued)

Nr Indicator Sub-indicators Abbrev. Required plot data

4.5 Deadwood Quantity of 
deadwood (total)

Dead_4.5.1 Estimated deadwood quantity

Standing deadwood 
volume

Dead_4.5.2 Estimated volume of standing 
deadwood

Decomposition rate Dead_4.5.3 Percentage of quantity in different 
decomposition classes

Light exposure Dead_4.5.4 Estimated percentage in three 
exposure steps

4.6 Genetic 
resources

Phenotypic 
similarity

Gen_4.6.1 Similarity level by species and 
species proportion in stem number

Gen conservation Gen_4.6.2 Method of stand regeneration
4.8 Threatened 

forest sp.
Threatened forest 
species

Thr_4.8 Number of stems in %

4.91/2 Distribution of 
tree crowns

Crown layers 
(vertical)

Ver_4.9.1 Crown layers

Canopy level 
(horizontal)

Hor_4.9.2 Canopy level/crown closure

6.10 Accessibility Distance to road Acc_6.10.1 Shortest distance to next forest 
road

Road density Acc_6.10.2 Road density within the 
surrounding 100 ha
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from high (0) when most of the trees were affected by wild game to low (1) in case 
of absence or only single, scattered damages in the stand.

The data base for the determination of the necessary reference values were 
obtained from various sources (e.g., forest inventories, soil/hazard maps, silvicul-
tural guidelines, literature). These reference values can be index values, specific 
limits, or region-specific values. For the indicators/sub-indicators that were stan-
dardized using a region-specific value, this value was adapted when the approach 
was extended to mixed mountain forests in Bosnia and Herzegovina and in Slovenia. 
It is important to consider the regional character of references to be able to classify 
the plot-specific climate smartness at regional level. This enables a comparison of 
assessments of climate smartness values of different stands at different study sites 
and also over time.

3.3.1.3  Description of Indicators

The indicator “growing stock” (G 1.2) was evaluated by the measured merchantable 
wood of the respective plot or forest stand. For the evaluation, the current growing 
stock was set in relation to the stock targeted for the area. In the case study, for the 
Bavarian Alps, this was 350 m3 and 300 m3 ha−1, respectively, on productive and less 
productive sites according to the management goal of the Bavarian State Forest 
Enterprise (Bayerische Staatsforsten 2018) for continuous cover forest manage-
ment. The transforming process followed the function in Figure 3.2c.

The current diameter distribution (Dd_1.3) was compared to the ideal diameter 
distribution for mixed mountain forests indicating a stable structural diversity 
(Bayerische Staatsforsten 2018) (50% in class 7–20 cm; 25% in 21–40 cm; 12,5% 
in 41–60 cm; 6,25% in 61–80 cm; 3,13% in >80 cm). Transforming was done using 
a declining function (Fig. 3.2b).

The indicator “1.4 carbon stock” was composed of three sub-indicators. Firstly, 
carbon stock itself (C_1.4.1) was calculated by applying species-specific biomass 
expansion factors to the growing stock of merchantable wood (Forrester et al. 2017). 
The reference value was 360 t ha−1, reflecting a mean maximum value within fully 
stocked mountain mixed forest in Bavaria. Transforming used an increasing func-
tion. Secondly, the development of the carbon stock within the last 10 years period 
was referenced against the initial carbon stock. The application of an increasing 
transformation function led to higher smartness values with higher rates of recent 
carbon sequestration. In case of substitution (C_1.4.3), savings in terms of carbon 
release through substituting materials and fossil fuel were considered. The amount 
of harvested timber within the last 10 years period was converted into substituted 
carbon amounts by applying specific factors for roundwood and fuelwood reported 
by Hofer et  al. (2007). As reference for a mean, a 10-year substitution effect of 
16.09  t  ha−1 C was used. This value was derived from an analysis of Klein and 
Schulz (2012), who investigated the substitution effect based on timber harvest 
information from 2003 to 2008 in Bavaria. The transformation process followed a 
right-side truncated increasing function.
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Direct rating was applied to defoliation (Def_2.3), which was assessed by clas-
sifying the percentage of needle or leaf loss of five dominant tree per species. The 
classification referred to the graduation according to Forest Europe (2015). 
Estimations were first species-specific. In the second phase, the species-specific 
values were weighted by the percentage of basal area of the species and aggregated 
to a mean plot value.

“Forest damage” (2.4) combined the risk probability (Dam_2.4.1) of each pos-
sible risk (e.g., windthrow, bark beetle, snow breakage) and its impact (Dam_2.4.2) 
on plot level. Possible risks were derived from hazard maps or the previous occur-
rence of damages. The appraisal was based on expert knowledge and used classes 
from very high (smartness value = 0) to very low (smartness value 1). The impact 
was evaluated considering the impact on vitality, stability, and quality, which could 
have different weighting if necessary. Finally, a mean value for smartness was 
attained by averaging the damage-specific values. The third sub-indicator evaluated 
the number of possible damages (Dam_2.4.3).

The slenderness coefficient (Stb_2.5.1), tree height (Stb_2.5.2), and stocking 
density (Stb_2.5.3) were assessed within the indicator stability (2.5). Concerning the 
slenderness coefficient, species-specific values were weighted by their basal area 
proportion and then transformed by a two-sided truncated function. In literature, the 
value 80 for slenderness coefficient is reported as benchmark (Pretzsch 2009) with 
lower values indicating higher stability and higher values indicating less stability. 
Tree height was assumed to indicate higher stability with values below 20 m (mean 
value of the indicator scale) and less stability with higher values, respectively 
(Rottmann 1986). Transforming thus followed a decreasing function (Fig.  3.2b). 
Lastly, stocking density was classified into three classes (smartness values 0, 0.5, 1) 
by indexing the stocking density against yield table values. Classes considered 
higher stability at very low and very high stocking densities (Rottmann 1986).

“Increment and felling” (3.1) consisted of the three sub-indicators increment 
(IF_3.1.1), fellings (IF_3.1.2) and the mutual effect of both toward the target grow-
ing stock (IF_3.1.3). In case of increment and felling, the respective current values 
were benchmarked to 9.3 m3 ha−1 year−1, representing a mean value in mountain 
mixed forests (Hilmers et al. 2019a). The transforming process used an increasing 
function (Fig. 3.2a). The effect toward the target growing stock was assessed by 
calculating the annual relative trend rate of stock change. Positive values indicated 
an approaching trend and negative values, a diverging trend. The rates were classi-
fied into five levels of smartness.

Occurring tree species were appointed to one of three classes of site suitability 
(unsuitable, suitable, and optimal) in sub-indicator Sp_4.1. The suitability was 
assessed using information about growing conditions and literature (e.g., Otto 2000; 
Schütt et  al. 2002). The species-specific value was weighted by its basal area 
proportion.

“Regeneration (4.2)” was divided into five sub-indicators. As regeneration, all 
plants below 7 cm diameter at breast height were considered. Firstly, the regener-
ated area (Reg_4.2.1) concerned the proportion of regenerated area of the entire 
plot. Transformation followed an increasing function using 100% as maximum. 
Secondly, the mean height of the regeneration (Reg_4.2.2) was related to the 
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maximum browsing height, indicating a trusted regeneration. Values were converted 
by an increasing function; values above the threshold were capped. Thirdly, the 
observed density of regeneration (Reg_4.2.3) was related to general species-specific 
plant densities of artificially regenerated stands. Values above twice the number of 
the reference were truncated during a linear increasing transformation. Regeneration 
potential (Reg_4.2.4) evaluated the number of tree species found in regeneration 
against the number of species in the main stand. Again, the linear transformation 
function was cut at numbers of species in the generation, doubling the number of 
species in the main stand. Lastly, the damage by browsing (Reg_4.2.5) was catego-
rized into four classes adapted from StMELF (2017) with higher smartness at less 
browsing damage.

The naturalness of stand establishment (Nat_4.3.1) grouped the evaluated stand 
into classes, which were defined by the proportion of natural and artificial regenera-
tion and the closeness of involved species to the potentially natural vegetation 
(adopted from MacDicken 2015). Groups ranged from natural regeneration with 
naturally occurring tree species to artificial planting of non-autochthonous species. 
The naturalness of species composition (Nat_4.3.2) (Riedel et al. 2017) considered 
the current composition within two layers of a stand, i.e., the understory/regenera-
tion (height < 4 m) and main stand (height > 4 m). The layer which was in future 
silvicultural focus received a double counting. The composition within the layers 
was grouped into classes defined by the proportion of species belonging to natural 
vegetation. Within sub-indicator Nat_4.3.3 (soil scarification), the affectation of the 
stand by different agents (cattle trampling, tracks, waste deposition, fertilization, 
forest roads) (Beer 2003) was reducing the maximum achievable smartness value. 
To each factor, a specific negative value was assigned and multiplied by a three- 
level intensity factor (three levels).

The indicator “Introduced tree species” (Int_4.4) classified occurring tree spe-
cies into five categories of invasiveness according to Spellmann et al. (2015), rang-
ing from species of natural vegetation to invasive species causing harm to natural 
vegetation and humans. Each tree species was weighted by its stem number propor-
tion giving the same weight independently from tree size.

Smartness related to deadwood (4.5) considered the amount and structural char-
acteristics of deadwood for biodiversity reasons. Four sub-indicators were addressed. 
The first total amount of deadwood (Dead_4.5.1) considered standing and lying 
deadwood. The amount was classified into five groups, whereas group borders were 
drawn using reported functional group-specific minimum amounts (Bauer et  al. 
2005; Moning et al. 2009). Solely standing deadwood was evaluated by the second 
sub-indicator (Dead_4.5.2). Here, a threshold of 15 m3 ha−1 was used indicating a 
prerequisite for the occurrence of the three-toed woodpecker species (Picoides sp.) 
(Bütler et al. 2004). An increasing function was applied for smartness-value trans-
formation. The proportion of decomposition degrees was addressed with sub- 
indicator Dead_4.5.3. Higher smartness values were achieved when all 
decomposition degree classes according to Lachat et al. (2014) were evenly distrib-
uted. Thus, transformation followed a decreasing function (Fig. 3.2b). As different 
light exposure situations of deadwood were relevant in terms of habitat provision, 
the distribution of deadwood amounts was classified into three light exposure 
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classes (Dead_4.5.4) by assessing the crown closure degree above deadwood. The 
measured values were transformed as in the previous sub-indicator, whereas the 
optimal distribution was not equal between classes.

“Genetic resources” (4.6) were indirectly assessed through five classes of pheno-
typic similarity (Gen_4.6.1) of each tree species (Priehäusser 1958). Species- 
specific values were weighted by the species proportions of the total stem number. 
Genetic conservation (Gen_4.6.2) as second sub-indicator was evaluated by assign-
ing the plot to one of five classes. Classes considered both, the genetic resources of 
the main stand and the management approach of regeneration (Kätzel and Becker 
2014; Konnert et al. 2015).

The indicator “Threatened forest species” (4.8) recognized the occurrence of 
locally endangered red list species within the plot using the IUCN database. 
Classification followed the definition by Forest Europe (2015) of increasing immi-
nence. The occurrence of a species belonging to the class of most endangered spe-
cies determined the smartness value.

The “Distribution of tree crowns” was evaluated by determining visually or 
quantitatively the vertical layering (Ver_4.9.1) and the proportion of horizontal 
crown coverage (Hor_4.9.2) (Pretzsch 2009). Vertical layering was assessed using 
three scales (mono-layered, double-layered, multilayered). In case of crown cover-
age, a full coverage of the plot area was assumed as possible maximum value.

Accessibility (6.10) was of interest for forest economical and recreational pur-
poses. Here, assessment was guided by economic criteria. In the first step, the mini-
mum distance of the plot to a forest road (distance to road, Acc_6.10.1) was 
quantified and classified considering the distance dependent applicable most effi-
cient transportation system. Secondly, the general road density (Acc_6.10.2) in 
terms of running meters per ha was estimated using a circular sample centered 
within the plot. A reference of 25 running meters per hectare was used as reference. 
The transforming process used an optimum within a range algorithm (Fig. 3.2c).

3.3.2  Indicator Assessment in Spruce-Fir-Beech Mixed 
Forest Stands

The selected indicators were assessed in 20 long-term experimental plots of spruce- 
fir- beech mixed mountain forests. We selected this forest type as a model example 
as it represents the most frequent and relevant mountain forest in Central and 
Eastern Europe (Hilmers et al. 2019a). The long-term experimental plots represent 
managed and unmanaged stands of these mixed mountain forests. In Table 3.2, the 
main characteristics of the studied long-term plots are presented. However, in most 
of the plots, there were no felling during the last 10 years (period used for estima-
tion of time-dependent indicators).

Figure 3.3 shows the mean and standard deviation of the 36 sub-indicators and 
indicators from the values estimated on the 20 plots. On average, the greatest values 
(smartest) were found for sub-indicators related to the criteria “Biological 
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diversity.” The lowest values were obtained for sub-indicators related to “productive 
functions” (C_1.4.3 and IF_3.1.2), due to the absence of felling during the studied 
period in most of the plots. For most of the indicators/sub-indicators, the variability 
among studied long-term experimental plots was rather high. Two exceptions were 
the indicators for introduced (Intr_4.4) and threatened species (Thr_4.8), which 

Table 3.2 Long-term experimental plots in mixed mountain forests used to assess CSF indicators. 
Main stand variables in the last survey are included. N, tree number per ha; BA, stand basal area; 
V, volume; PAIV, periodical mean annual stem volume increment

Plot Country
Altitude
m.a.s.l.

N
Trees·ha−1

BA
m2·ha−1

V
m3·ha−1

PAIV
m3·ha−1·year−1

1 Germany 1271 257 37.7 518.9 6.1
2 Germany 1463 362 43.7 570.8 4.7
3 Germany 1235 319 56.4 896.1 9.5
4 Germany 1091 241 23.8 334.7 4.6
5 Germany 1091 493 36.4 455.7 3.9
6 Germany 1281 378 42.8 598.5 7.7
7 Germany 1281 433 80.7 1284.9 14.5
8 Germany 1294 590 41.0 475.9 13.3
9 Germany 860 854 45.0 546.1 7.8
10 Germany 934 1259 20.3 211.1 7.3
11 Germany 934 696 22.7 326.3 7.7
12 Germany 884 659 53.8 833.4 11.4
13 Bosnia & Herzegovina 1110 701 38.1 390.1 10.2
14 Bosnia & Herzegovina 1280 538 40.3 425.9 10.5
15 Bosnia & Herzegovina 1320 468 39.6 521.3 11.6
16 Bosnia & Herzegovina 1400 297 33.9 477.7 7.0
17 Bosnia & Herzegovina 1220 377 44.2 538.1 9.7
18 Bosnia & Herzegovina 1320 431 38.5 454.9 8.0
19 Slovenia 1421 500 60.8 925.2 13.3
20 Slovenia 1375 650 52.5 738.2 13.7
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Fig. 3.3 Mean and standard deviation of the 36 sub-indicators and indicators representing five 
different criteria estimated in the 20 experimental plots in mixed mountain forests
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showed no variation at all. All plots reveal the best rating regarding introduced spe-
cies and the lowest rating regarding threatened species. This indicates that for the 
considered spruce-fir-beech mixed forests, these indicators were not very relevant. 
However, we kept them in the list of indicators, as in other stands or other types of 
forests they may have higher relevance. In this way, they may provide useful infor-
mation for comparison with other less natural forests. The accessibility sub- 
indicators (Acc_6.1.1 and Acc_6.1.2) were estimated only in 13 experimental plots.

For a more understandable assessment of CSF at stand level, the different sub- 
indicators of a given indicator were aggregated. As the first option, equal weighting 
was evaluated. But taking the nature and difficulty of accurate estimation of some 
sub-indicators into account (Sect. 3.3.1.3), it was decided to apply a different 
weighting of indicators (C_1.4, Stb_2.5, IF_3.1, Reg_4.2, Nat_4.3, Dead_4.5). This 
weighting was based on the information content and accuracy of sub-indicators and 
on positive and negative correlations among sub-indicators of a given indicator 
(Sect. 3.4.3). Such correlations revealed some redundancy and trade-offs between 
different aspects of climate smartness. Nevertheless, the two weighting options 
resulted in similar indicator values (results not shown).

Figure 3.4 depicts that for most of the 16 indicators, the mean value of the 20 
experimental plots reached or exceeded the value of 0.5 (average or greater smart-
ness). The highest values were again observed for indicators related to biological 
diversity, especially those referring to species composition (Sp_4.1, Nat_4.3, 
Intr_44), except for threatened species (Thr_4.8). The mean value of the indicator 
related to carbon stocks (C_1.4) was below 0.5. This indicated that in most of the 
plots, the mitigation capacity was not as high as possible in this type of forest. 
Furthermore, these low values can be explained by the high reference value used for 
carbon stocks and by the low amount of carbon in products (substitution) due to the 
lack of felling, which also resulted in a low value of indicator IF_3.1. Another indi-
cator with a mean below 0.5 was stability (Stb_2.5), due to the high stand density 
and mean height (Fig. 3.3), which creates high risk of windthrow and snow breakage.
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Fig. 3.4 Mean and standard deviation of the 16 weighted and aggregated indicators estimated for 
the 20 experimental plots in mixed mountain forests
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3.3.3  Redundancy and Trade-offs Among Indicators

The values obtained for most of the indicators on the experimental plots were used 
to analyze whether there is some redundancy among indicators as well for detecting 
the presence of trade-offs between different aspects of climate smartness. For this 
analysis, the sub-indicators Intr_4.4 and Thr_4.8 were removed from the analysis as 
they showed a constant value in all the plots. The same was applied to Acc_6.10.1 
and Acc_6.10.2 sub-indicators because they were not available for seven plots.

First, a correlation analysis was done among sub-indicators belonging to indica-
tors with several sub-indicators (Fig. 3.5). The Spearman’s rank order correlation 
was applied as some sub-indicators did not follow a normal distribution. As the 
abovementioned, the sub-indicators of some indicators showed significant positive 
correlations, which suggest that some of them could be left out, reducing the efforts 
of field work. For example, this occurred for the first three sub-indicators of the 
deadwood indicator. As the sub-indicator decomposition rate (Dead_4.5.3) was 

Fig. 3.5 Matrix of correlation among sub-indicators obtained from the 20 experimental plots in 
mixed mountain forests. Only significant Spearman correlations are shown (p < 0.05). Black tri-
angles comprehend the correlations among sub-indicators of a given indicator
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highly correlated to deadwood amount (Dead_4.5.1), the former, which is more dif-
ficult to be precisely assessed in the field, could be omitted. If an ever-greater sim-
plification is needed, only the sub-indicator standing deadwood volume (Dead_4.5.2) 
could be maintained, which is easily derivable from a standard forest stand inven-
tory. Similarly, for regeneration either the sub-indicator height of regeneration 
(Reg_4.2.2) or browsing (Reg_4.2.5) could be omitted. In other cases, the correla-
tions between sub-indicators of a given indicator were negative. This indicated the 
presence of some trade-offs and the importance of considering all of them, as it 
happened for carbon sub-indicators (C_1.4.1 and C_1.4.2). It is important to note 
that there are also some significant positive correlations between sub-indicators of 
different indicators, as it occurred for C_1.4.3 and IF_3.1.2. Although it might sug-
gest some redundancy, they should be maintained as they are expressing different 
aspects of their respective indicators, which can be compensated by other sub- 
indicators resulting in lack of correlation between indicators (as occurred between 
C_1.4 and IF_3.1, Fig. 3.6). Notice that any conclusions regarding information con-
tent or redundancy of the indicators cannot be transferred to other forest types with-
out further analyses.

When integrating the sub-indicators into indicators (Table 3.1), the positive cor-
relations among indicators of a given criteria (1–4) were not significant (Fig. 3.6). 
Exceptions from this were the correlations between growing stock (G_1.2) and 
diameter distribution (Dd_1.3) and between naturalness (Nat_4.3) and deadwood 
(Dead_4.5). Moreover, for indicators related to biodiversity, there were negative 
correlations (trade-offs) between tree species composition (Sp_4.1) and deadwood 
(Dead_4.5) and between regeneration (Reg_4.2) and genetic resources (Gen_4.6). 
Among indicators from different criteria, there were some positive and negative 
significant correlations, which may indicate some redundancy and trade-offs among 
indicators for measured plots. For instance, stability (Stb_2.5) was positively cor-
related to stand structure (Str_4.9), which could suggest that the indicator of struc-
ture added in the context of climate smart definition (Bowditch et al. 2020) could be 
eventually left out. Accordingly, there were some evident trade-offs as those between 
naturalness (Nat_4.3) and deadwood (Dead_4.5) with growing stocks (G_1.2) and 
diameter distribution indicator (Dd_1.3). There were further trade-offs between 
deadwood with carbon stocks (C_1.4), defoliation (Def_2.3), and species composi-
tion (Sp_4.1), which possibly indicate that deadwood presence is to some extent 
related with the degree of stand decay in the stands investigated here.

An analysis of principal components (PCA) was performed to further explore the 
redundancy among indicators and to explain the variability of the assessed indica-
tors in mixed mountain forest stands. This statistical technique can also be used to 
reduce the number of indicators to be used in the assessment, simplifying the sub-
sequent application of the developed C&I framework. The first two principal com-
ponents explained 54% of the total variance. The first factor accounted for 30% of 
the total variance, the indicators of the criterion 1 (G_1.2, Dd_1.3, C_1.4), defolia-
tion (Def_2.3), and tree species composition (Sp_4.1), being the indicators with 
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higher positive loadings in these axes (Fig. 3.7), while deadwood (Dead_4.5) and 
naturalness (Nat_4.3) showed high negative loadings, which agrees with previous 
identified trade-offs. The second component explained 24% of the variability, with 
high positive loadings for stability (Stb_2.5) and genetic resources (Gen_4.6) and 
negative for increment and felling (IF_3.1) and regeneration (Reg_4.2).

In the biplot (Fig. 3.7), three groups of plots can be identified: the first group with 
high positive values in the first component (plots 13,14,15,16, 17, 18, 19, 20); the 
second group linked to the high values of indicators increment and felling and 
regeneration (plots 4, 10, 11), which are those plots with felling during the last 
10 years; and the more dispersed third group with negative scores in the first com-
ponent and positive in the second (plots 1, 2, 3, 5, 6, 7, 9, 12).

1

0.8

0.6

0.4

0.2

0

0.2

0.4

0.6

0.8

1
D
d_

1.
3

C
_1

.4

D
ef
_2

.3

D
am

_2
.4

S
tb
_2

.5

IF
_3

.1

S
p_

4.
1

R
eg

_4
.2

N
at
_4

.3

D
ea

d_
4.
5

G
en

_4
.6

V
er
_4

.9
.1

G_1.2

Dd_1.3

C_1.4

Def_2.3

Dam_2.4

Stb_2.5

IF_3.1

Sp_4.1

Reg_4.2

Nat_4.3

Dead_4.5

Gen_4.6
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3.3.4  Assessing CSF in Spruce-Fir-Beech Mixed Stands

The aggregation of indicator values to a final score of climate smartness can simply 
be achieved by directly averaging the values. This method, although being objec-
tive, might not be the most appropriate, considering the number and information 
content of the indicators (see Sect. 3.2.3). Here, three methods of weighting were 
applied to obtain a composite indicator by averaging weighted indicators (compen-
satory aggregation method) in the 20 studied plots (Fig. 3.8).

 (i) Equal weighting or non-weighting. All the indicators receive the same impor-
tance in the composite climate smartness indicator.

 (ii) Weighting by suitability for adaptation and mitigation monitoring. In this 
option, if a given indicator is suitable for monitoring both aspects, adaptation 
and mitigation simultaneously, its weight is double than if it is suitable for 
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monitoring only one of them. The suitability of the different indicators for 
assessing adaptation and mitigation forest management was based on the clas-
sification developed by Bowditch et al. (2020), who used an iterative participa-
tory process involving various experts in forest-related fields from the Cost 
Action CLIMO.

 (iii) Weighting by the centrality for Climate-Smart Forestry. In Bowditch et  al. 
(2020), the most relevant indicators for assessing CSF were identified by a 
network analysis, which considered both the suitability of indicators to moni-
tor adaptation and mitigation and the forest ecosystem services they address. 
They established four groups of indicators considering their degree of 
 centrality, which were used for weighting purposes. The highest weight was 
assigned to the indicators belonging to the first core group (e.g., forest damage 
Dam_2.4) and the lowest weight to the second peripheral group (e.g., accessi-
bility Acc_6.1) (Fig. 3.8).
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Fig. 3.8 Different weightings of the CSF indicators. Equal, same weight in all the indicators; 
A&M, weighting by capability to monitor suitability for adaptation and mitigation; CSF, weight-
ing by the centrality for CSF (Bowditch et al. 2020)
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Figure 3.9 presents the resulting plot-specific CSF values according to the three dif-
ferent types of weighting for the 20 plots. Notice that the results do not include the 
indicator accessibility (Acc_6.1) as this indicator was not always available. The 
differences among the three weightings were small, with mean values of 0.59 
(±0.04) for equal weighting, 0.63 (±0.03) for weighting by suitability for adaptation 
and mitigation monitoring, and 0.62 (±0.04) for weighting by centrality for CSF. The 
largest differences within weighting types were found for plots 3, 7, and 12, whereas 
in each case the highest values occur when using the second weighting.

In all cases, the CSF composite value is greater than 0.5 (Fig. 3.9), which repre-
sents the mean climate smartness following the used indicator normalization and 
weighting procedure. Concerning the CSF weighting type, the plot 18 showed the 
highest value (0.69) and plot 6 the lowest value (0.57). It can be observed that the 
highest values were reported for the Bosnian plots (plots 13–18), which are those 
with greater values in the indicators related to the first principal component (Dd_1.3, 
C_1.4, Def_2.3, Sp_4.1) (Fig. 3.7).

3.3.5  Sensitivity of CSF Indicators

To test the sensitivity of the indicators concerning different species composition, 
environmental changes, and management, data from additional long-term experi-
mental plots in mountain forests in Bavaria were used (Table 3.3). Four plots rep-
resenting different species composition were selected from the experimental site 
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Fig. 3.9 Final climate smartness values of the 20 experimental plots according to the three weight-
ing types. Equal, same weight in all the indicators; A&M, weighting by suitability for adaptation 
and mitigation monitoring; CSF, weighting by the centrality for CSF (Bowditch et al. 2020)
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ZWI -111 (Hilmers et  al. 2019b), including one monospecific spruce plot, two 
monospecific beech plots (two thinning options), and one mixed spruce-beech plot. 
The experimental site FRY-129 (Pretzsch 2019) (6 plots) was chosen to compare 
the effect of different levels of growing stock (management) in uneven-aged spruce-
fir- beech mixed stands. A more detailed information about the main stand charac-
teristics of the long-term experimental plots can be found in Appendix 3.1.

For the chosen long-term experimental plots, the sub-indicators corresponding to 
indicators growing stock, diameter distribution, carbon stock, stability, increment 
and felling, and structure were estimated from inventory data during the monitoring 
period (Table 3.3). The sub-indicators were aggregated into the six indicators using 
the same weighting as in Sect. 3.3.2 in order to be comparable with the previous 
CSF assessment.

The effect of the species composition on selected indicators was in general larger 
than the effect of different growing stocks, reflected by higher variance between 
types (Fig.  3.10 left and right plots). By trend, in uneven-aged spruce-fir-beech 
mixed forests, the indicators showed higher values. The indicator growing stock 
(G_1.2) was very variable among and within plots, showing a decreasing trend with 
time in experimental plots with high standing volume (less removed volume) 
(Appendix 3.1). However, the spruce-fir-beech plots with lower growing stock and 
one beech plot, which maintained a lower growing stock, presented higher smart-
ness values (Fig. 3.10b). This indicates that the selected reference value and normal-
ization function penalize stands with high growing stocks.

The diameter distribution (Dd_1.3) and structure (Str_4.9) indicators were 
mainly influenced by species composition and age structure (Fig. 3.10c, d, k, and l), 
being greater for uneven-aged spruce-fir-beech mixed stands; medium for beech, 
probably to its strong shade tolerance; and lower for spruce-beech and spruce plots. 
It is noteworthy that in spruce-fir-beech mixed plots, there was a decreasing trend in 
Dd_1.3, but it was not observed for Str_4.9.

Table 3.3 Geographical information and site characteristics of the 10 experimental plots. E, elevation (m 
a.s.l.); T, mean annual temperature (°C); P, annual precipitation (mm)

Experi- 
ment

N°. 
plots Composition Treatment Period

No. of 
surveys Longitude Latitude E T P

ZWI 
111

4 E. beech; N. 
spruce; N. 
spruce-E. 
beech

Light- 
heavy 
thin. f. 
above, 
mixture 
portion

1954–
2015

10 13°18′22″ 49°3′57″ 745 5 1270

FRY 
129

6 N. spruce-E. 
beech-S. fir

Selection 
forestry; 
level of 
standing 
stock and 
threshold 
diameter

1980–
2018

7 13°35′184″ 48°51′19″ 720 6.5 1200
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The indicators carbon stocks (C_1.4) and stability (Stb_2.5) did not vary largely 
among the different plots, being rather stable over time (Fig. 3.10e–h). The smart-
ness value of the stability indicator was greater in spruce-fir-beech plots than in the 
other plots but in all cases lower than the medium smartness (0.5). For carbon, it 
ranged between 0.4 and 0.6. This agrees with the values shown in Figure 3.4 and 
suggests a low sensitivity of these two indicators for this type of mountain forest. 
The respective values might be readjusted in future applications by revising the 
reference values or/and changing the transforming functions.

The indicators increment and felling (IF_3.1) were sensitive to felling but not to 
species composition (Fig. 3.10i, j). However, the volatile changes observed suggest 
that the period of 10 years used for its evaluation influences the sensitivity. Using 
longer reference periods could result in more stable lines, which would reflect better 
long-term trends, which is more relevant for CSF. Accordingly, upscaling to the 
management unit would allow a better assessment of this indicator.

Fig. 3.10 Development of indicators for different stand compositions (B, beech; F, fir; S, spruce; 
mixed: BS and SFB) and growing stocks (low, middle, and high). (a–b), Growing stock G_1.2; 
(c–d), diameter distribution Dd_1.3; (e–g), carbon stock C_1.4; (g–h), stability Stb_2.5; (i–j), 
increment and fellings IF_3.1; (k–l), distribution of tree crowns Str_4.9
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3.4  Importance of C&I of CSF in Forest 
Management Planning

3.4.1  Forest Planning and Climate-Smart Forestry

This section is focused on the importance of C&I of CSF in forest planning. The 
target scale is forest management unit level (FMU), since in many countries FMU 
is the most common spatial scale (combining stand and landscape) of forest plan-
ning (Cullotta et al. 2015). While in the past, the primary goal of traditional forest 
management planning was to ensure timber sustainability (Pommerening and 
Murphy 2004), nowadays forest planning can be understood as a tool to provide the 
desired ecosystem services for society and forest owners in a sustainable manner 
under socio-environmental changes. Due to climate change and increasing fre-
quency of disturbances such as windthrows, ice storms, and insect attacks 
(Hanewinkel et al. 2012; Seidl et al. 2014; Nagel et al. 2017), forest planning needs 
to be adequately adapted to a changeable environment. This implies the continuous, 
repeated, and extensive monitoring to better understand the influence of climate 
change on forest dynamics, along with adapting forest management to the expected 
changes through managing uncertainties and risks. Beside adaptation, mitigation 
strategies are gaining more relevance in forest planning, since they may contribute 
greatly to enhancing forest carbon stores (Hof et al. 2017).
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Indicators of sustainable forest management (SFM) (Bachmann 2002) have been 
traditionally applied in forest planning (Bončina 2001). Mostly, they are related to 
the status of forest stands (e.g., growing stock, stand volume increment, tree species 
composition), forest management activities (e.g., annual cut, proportion of natural 
regeneration in total regeneration), and impact of environmental change (e.g., sani-
tary felling). Climate change adaptation and mitigation strategies can be viewed as 
a risk component of SFM (Spittlehouse and Stewart 2003). Therefore, this calls to 
additional C&I. Indicators of CSF may have a substantial role in forest planning to 
better monitor and address the needs for adaptation and mitigation in forest 
management.

3.4.2  Involvement of CSF Indicators in the Forest 
Planning Process

To understand the importance of indicators for climate smart forest management 
planning, the whole planning process can be divided into five phases which are 
interconnected:

 1. Inventory, analyses, and evaluation: to begin with the process of management 
planning, the current state of the respective FMU needs to be sampled and ana-
lyzed. The essential aspects of CSF can be recorded using the classical or further 
improved forest inventories (e.g., broadening their scope to include variables 
related to forest carbon pools and carbon sequestration, forest health, or biodi-
versity (Corona et al. 2011)). Thus, many above indicators at stand level (e.g., 
growing stock (1.2), regeneration (4.2), carbon stock (1.4), and stability (2.5)) 
(Table 3.1) are relevant for the assessment of CSF at FMU. For instance, some of 
them may indicate forests’ response to climate change (e.g., damage level of for-
est stands, growth of stands and trees, regeneration pattern) or show response of 
forests to recent management activities carried out for adaptation of forests to 
climate change (e.g., tree species composition, diameter structure of forest 
stands). When dealing with those indicators, two aspects should be considered. 
Firstly, indicators are more powerful for the assessment of CSF if their current 
value is compared to their values from previous inventories. This enables insight 
into changes of structure and processes in forest stands. Secondly, the same indi-
cators are useful for assessing various CSF aspects, e.g., impact of climate 
change on forest stands and effectiveness of forest management activities for 
adaptation.

 2. Defining (management) objectives: management objectives should reflect 
demands of forest owners and society. Management objectives are operational-
ized through operational objectives. Thus, the desired structure and composition 
of forest stands are defined by silvicultural objectives. For CSF, it is important to 
search for forest stand composition and structure which will be adapted to 
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changeable climatic conditions and thus contribute to reducing the risks in forest 
management (see also Chap. 8 of this book; Pach et  al. 2021). Silvicultural 
objectives are usually determined separately for the different forest site types; 
they are defined with selected stand parameters, which can be treated as indica-
tors of CSF. Among them, tree species composition, stand structure, and target 
diameter of tree species are the most relevant.

 3. Modeling and elaborating scenarios: based on the analysis and defined manage-
ment goals, projections of potential forest development paths are undertaken 
which can be model aided. Usually, a number of different forest management are 
explored in a scenario analysis, and the best option under the given constraints 
and management objectives is identified (cf. Pommerening and Grabarnik 2019). 
Models of forest stand development are important for many purposes: i) adapta-
tion of forests and forest management to climate change, ii) selection of optimal 
management strategies, and iii) reduction of risks and uncertainties in forest 
management. When modeling stand development, the same indicators might be 
applied as in planning phase 1. Scenarios are often focused on demographic 
changes of forest stands (important CSF indicators: diameter structure, age 
structure, stand density, etc.) under different management strategies (CSF indi-
cators: cut intensity, silvicultural system) (e.g., Rosset et al. 2014).

 4. Defining management activities: then, results of sampling and scenario analyses 
feed into the management plan as a set of silvicultural prescriptions to the given 
stand. The main part of management activities is focused on silvicultural activi-
ties (important CSF indicators: structure of planned harvesting, felling intensity, 
thinning concept, regeneration system etc.) and protection measures. All mea-
sures influence the structure and processes in forest stands, and therefore, their 
impacts reflect in changed values of CSF indicators related to the status of forest 
stands, which can be observed in the next forest inventory. Management deci-
sions were made for other fields of forest management beside silviculture (e.g., 
forest road construction, forest protection, recreation). Better accessibility to for-
est areas and suitable harvesting technologies contribute to effective forest man-
agement when huge forest damages occur; therefore, they can serve as important 
CSF indicators as well.

 5. Monitoring of forests and forest management: implemented management activi-
ties are usually registered, this being important for understanding how forest 
stands react to specific management activities under changeable environment. 
New experiences can be applied into future decision-making about forest man-
agement activities. Besides forest management, some other impacts on forest 
stands can occur. Among them, severe disturbances noticeably change the 
 structure and composition of forest stands. Therefore, registration of sanitary 
felling is a part of forest management monitoring; the amount and structure of 
sanitary felling can serve as an important CSF indicator. Monitoring of sanitary 
felling (e.g., Klopcic et al. 2009) in a longer time period is substantial for under-
standing the susceptibility of forest stands to various agents of natural distur-
bances and for adapting forest management to reduce risks.
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3.4.3  Estimation of Importance of CSF Indicators in Forest 
Planning at the Forest Management Unit Level

A list of possible CSF indicators available in forest planning was created, and the 
importance of indicators for assessing CSF at the level of forest management unit in 
four countries was estimated by Likert scale (1, not important for CSF at all; 2, not 
important; 3, neutral; 4, important; 5, extremely important). Assessment of indica-
tors was based on the definitions of CSF (Bowditch et al. 2020) and on the possibili-
ties to operationalize them in the forest management unit plan.

The scheme of European criteria of SFM was followed, but a much larger set of 
possible indicators was included into the analyses. It included most of the above-
mentioned indicators for CSF assessment at stand level (Table 3.1) but without dis-
aggregating them into sub-indicators. In total, a set of 56 parameters was estimated 
(Appendix 3.2). The importance of indicators was estimated in regard to their role 
in the planning process for:

 – Understanding the influence of climate change on forests structure and stand 
dynamics in a FMU

 – Analyzing the status of forests in a FMU in regard to the impact of climate change
 – Modeling the development of forest stands in regard to the changed climatic 

conditions
 – Evaluating the effectiveness of implemented silvicultural activities
 – Determining the objectives and measures which will contribute to the adaptation 

and mitigation of forests and forest management in a FMU
 – Monitoring the development of forest stands in regard to the implemented man-

agement activities and climate change

Ranking of indicators’ importance for climate smart forest planning by represen-
tatives from four countries (Bosnia and Herzegovina, Poland, Slovenia, and Spain) 
shows that quite a number of indicators, which are not part of the European system 
of C&I of sustainable forest management, are very important in forest planning at 
the FMU level (Table 3.4). Tree species composition of natural regeneration was 
uniformly estimated as the most important indicator for CSF planning. It indicates 
capacity for adaptation of forest stands to climate change as well as the effective-
ness of past forest management. Some indicators in the list are crucial for assessing 
the impact of extreme events on trees and forest stands as well as the susceptibility 
of stands to natural disturbances (e.g., forest damage, vitality status, amount, and 
structure of sanitary felling). Climate change may strongly influence the tree growth 
pattern; therefore, quite expectedly some indicators may be connected to tree and 
stand growth. Forest plans define the management activities for the next period. 
Consequently, it was to be expected that some management indicators were ranked 
as very important, e.g., planned and implemented silvicultural works, management 
system applied, and felling. Silviculture and cutting are the main tools for creating 
structure and composition which is adapted to climate change. This is why indica-
tors describing forest stand structure and composition were assessed as highly 
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important (e.g., growing stock, tree species composition, stand density). In most 
European countries, forest planning supports multi-objective forest management 
oriented to providing various services. One indicator directly related to ecosystem 
services was included into the set of important indicators at the FMU level. Some of 
the indicators from the list (e.g., register of harvested trees) indicate that monitoring 
is an important part of CSF and planning.

3.5  Challenges and Perspectives

3.5.1  Refining the Selection of Indicators/Sub-indicators 
at Stand Level

The selection of indicators is an important step in the development of any assess-
ment framework. Indicators can provide a reliable overview of the forest situation, 
allowing a comprehensible and transparent assessment of forest management 
(Blattert et al. 2017). Although Pan-European indicators for SFM were designed for 
application at the national scale, in this study they were adapted for their application 

Table 3.4 Mean value of the importance of parameters for the CSF assessment of CSF in forest 
planning at the FMU level (only indicators with average value > = 4 is presented; indicators were 
assessed with ranks from 1 to 5) (CV – coefficient of variation in percentage)

Indicators
Mean value of 
importance

CV 
(%)

Tree species composition of natural regeneration 5.00 0.0
Forest damage 4.83 2.3
Regeneration (type of regeneration) 4.75 5.3
Vitality status of tree species/forest stands 4.67 4.8
Silvicultural works (planned and implemented) 4.67 4.8
Management system applied 4.58 5.5
Growth of trees and stands (e.g., diameter growth…) 4.58 5.5
Register of harvested trees in past planning period (tree 
species, dimension)

4.33 15.4

Tree species composition of single forest stands 4.33 5.1
Growth intensity of forest stands (volume increment/stand 
volume)

4.33 5.1

Increment and felling 4.25 5.9
Density of forest stands (basal area, tree number, SDI) 4.17 2.7
Protective forests – soil, water, and other ecosystem functions 4.17 18.7
Diversity of tree species 4.17 18.7
Damages of trees (stands) per agent (wind, snow…) 4.08 0.7
Growing stock 4.00 16.7
Amount and structure of sanitary felling according to the main 
agents

4.00 16.7
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at stand level. Suitable, quantifiable, or ratable sub-indicators were defined and 
forest-type and region-specific reference values and transforming functions 
assigned. However, the presented approach may not give the full picture of CSF as 
not all aspects have been addressed.

For example, protective functions, like protection against avalanches and rock-
falls, as well as protection of soil not included, yet play an important role in moun-
tain areas. Although these agents are known to highly depend on physiographic and 
site factors (e.g., slope, soil type, roughness of the forest floor), stand-level indica-
tors related to the structure and composition of forest stands may also provide 
important information about the protective role of a stand (Blattert et  al. 2017). 
These variables include the mean stand density, the basal area (or the average diam-
eter at breast height), and the percentage of evergreen/deciduous species for rockfall 
protection (see Rockfall Protection Index in Cordonnier et al. 2013); the mean tree 
height, the canopy cover during the winter, and the stand density or basal area for 
protection against snow avalanches (see Avalanche Protection Index in Cordonnier 
et al. 2013); and the forest canopy cover (%) for landslide and erosion protection. 
Some of these parameters were here used in other indicators but not explicitly to 
assess the protective function.

Soils in native forest seldom experience significant disturbances which are more 
common for soils in other land-use systems; thus, the importance of soil character-
istics is often underestimated in forest management practices and planning. 
However, climate change, atmospheric deposition, and/or deforestation can cause 
dramatic changes in the quality of forest soils, by altering the soil organic matter 
(Raison and Khanna 2011; Prietzel et al. 2020), and changes in hydrological pro-
cesses which can enhance surface runoff and soil erosion, increase the recharge of 
groundwater, and cause the reduction of organic carbon, nitrogen, phosphorous, and 
exchangeable potassium, calcium, and magnesium (Pennock and van Kessel 1997). 
Furthermore, bedrock has a significant role in vegetation growth by regulating phys-
ical and chemical properties in soils (Hahm et  al. 2014); it can also change the 
response of vegetation to climate factors (Jiang et al. 2020). Thus, some indicators 
related to soil properties could help to estimate the future forest growth and vitality 
and the need for adaptation under conditions of climate and/or land-use change. The 
most important soil characteristics for predictions of changes that can occur in for-
ests due to land-use and/or climate change are texture, content of organic carbon, 
and available ions.

Mountain forests are also known to hold important biodiversity values, since 
they provide habitats for many animals and plant species of high community inter-
est. Stand-level indicators related with the capacity of forests to sustain biodiversity 
are varied (Gao et al. 2015) and include the following: (i) the diversity of species of 
both the tree and the understory strata, which can be calculated using Shannon’s 
index with basal area or plant cover as a measure of species relative abundances, 
respectively (Neumann and Starlinger 2001); (ii) the tree size diversity (i.e., struc-
tural diversity) (Staudhammer and LeMay 2001); (iii) the presence of large standing 
and lying deadwood (m3/ha) and its decay class (fresh vs decay) (Lassauce et al. 
2011); (iv) the abundance of large living trees (trees·ha−1) (Vuidot et al. 2011); and 
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(v) the presence and number of microhabitats in the trees such as cavities, bark 
pockets, cracks, sap runs, or trunk rots (Bütler et al. 2013). The first three types of 
indicators are included in the presented approach to assess CSF, but indicators for 
the last two groups might be added. In the last decade, some efforts have been made 
to compile biodiversity indicators into a single index (Geburek et al. 2010; Gonin 
et al. 2017) with the aim of providing forest managers with a simple tool of both: to 
evaluate the potential of a given forest stand to support diverse species and to iden-
tify the factors that can be improved through the implementation of forest manage-
ment and planning strategies. Since sustaining biodiversity helps to maintain robust 
ecosystems, CSF calls for a detailed inclusion of biodiversity indicators.

As an integral part of the biological diversity, genetic variation safeguards adapt-
ability of forest species and their populations to environmental changes and impacts 
by pests, diseases, and by climate change (El-Lakany et al. 2001). Accordingly, high 
adaptability based on biological variation definitely starts at the genetic level. 
Assessing and monitoring genetic resources in forests should be one of the main 
prerequisites for CSF. The impacts of silvicultural methods and the management 
practices on the genetic resources have only recently received increasing interest. 
DNA markers allow the initiation of different genetic surveys with the aim to esti-
mate the quality of forest genetic resources. However, there is still low practical 
experience of these activities and have rarely been applied on a larger scale. Multiple 
genetic parameters like diversity indices of population (heterozygosity, allele fre-
quencies, inbreeding coefficients) will enable to early detect potentially harmful 
changes of forest adaptability, before these appear at higher biodiversity levels, e.g., 
species or ecosystem (Fussi et al. 2016). To explore the evolutionary adaptability of 
populations in a specific environment and to get insights into the selection drivers, 
breeding programs or directed selections for climate-smart forests are needed. In the 
LIFEGENMON (http://www.lifegenmon.si/) project ending in 2020, a research 
group proposed to define respective optimal indicators and verifiers and to edit 
guidelines for a forest genetic monitoring system for selected tree species in differ-
ent European countries and regions. This can serve as an early warning system to 
aid the assessment of a species response to environmental change at a long-term 
temporal scale and also be used for CSF assessment.

Providing space for recreation and human well-being is nowadays an important 
forest ecosystem service in mountain and other forests but especially in the urban 
and near urban forest areas (Pröbstl et al. 2009). Due to climate change and increased 
people’s awareness about the importance of outdoor activity, the increased demands 
for especially warm-weather recreation activities (i.e., hiking, backpacking, pic-
nicking, camping) may appear (Hand and Lawson 2018), triggering higher pressure 
on (mountain) forests in the future. Thus, regulating recreation is an important issue 
of forest management planning (Wilkes-Allemann et al. 2015), to address the trade- 
offs between recreation demand, timber production (Ahtikoski et al. 2011), and the 
provision of habitats for endangered plant and animal species (Rösner et al. 2014). 
Accessibility to (mountain) forests was recognized as a relevant indicator of recre-
ational forest ecosystem service when evaluating CSF (see Table 3.1). Köchli and 
Brang (2005) used accessibility together with patch diversity, stand structure, and 
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developmental stage of a stand to develop a recreation index. In addition, Edwards 
et al. (2012) evaluated recreation through visual attractiveness of forest stands by 
assessing 12 indicators of forest stand structure, such as tree sizes, spacing, visual 
penetration through the stand, deadwood, etc. Several indicators exposed in Köchli 
and Brang (2005) and Edwards et al. (2012) or their proxies are already on the cur-
rent list of indicators to assess CSF, while others could possibly be added. Even if 
many indicators can be included into CSF assessment, one has to take the propor-
tionality of data collection effort and the added informational value into account.

3.5.2  Strengthening CSF Assessment at Stand Level

Beyond the selection of proper and relevant indicators, they as well as the composite 
indicators need to be validated and readjusted to improve CSF assessment. This 
validation should be done at the different steps, from selection, normalization, and 
weighting to the aggregation (Singh et  al. 2012). The developed framework for 
assessing CSF considers from the beginning the need for continuous updating by 
defining the framework as an adaptive learning process (Fig.  3.1). This chapter 
shows the first attempt to fulfill the different phases of the developed framework, but 
further efforts are needed until a satisfactory CSF assessment is reached. Linking 
the development of indicators framework to data collection efforts allowed us to 
have the first evaluation and propose improvements for future attempts.

Defining the right thresholds and transforming functions is a complex task, 
which needs further testing and readjustments. In Sect. 3.3.1.3, the regional thresh-
olds for the different indicators and sub-indicators were set up from expert knowl-
edge and literature. The use of target normalization based on such reference values 
has been recommended against other normalization methods when the indicator 
assessment is context dependent (Pollesch and Dale 2016), as occurs with CSF 
assessment. Hence, the specific thresholds used for single indicators need a regional 
reference. The first test of CSF assessment presented in this chapter made this obvi-
ous. For instance, the high reference value used for carbon stocks (C_1.4.1) derived 
from Bavarian sites resulted in low values of smartness for this indicator despite the 
rather high growing stocks in many plots. Complex uneven-aged mountain forests 
managed by a selection or irregular shelterwood system are characterized by very 
stable but medium values of aboveground productivity over time, and thus of carbon 
stock. However, they might have very positive long-term effect on soil organic car-
bon storage (Seidl et al. 2008), that was not investigated in this study. Similarly, 
some of the simple transforming functions could be revised. For growing stock 
(G_1.2), one possible improvement could be to change the slope of the transforming 
function in the right branch (Fig. 3.2c), which then results in a lower decrease in 
smartness when the difference to the reference value is caused by higher values 
compared to lower values.

In case of trade-offs between indicators, weighting is increasingly important. 
The varying but specific social and manager’s demands concerning expected 
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ecosystem services can thus better be considered. For example, if we consider the 
observed oppositional trade-off between the indicators’ “naturalness” (Nat_4.3), 
which here is strongly related to regeneration and “growing stock” (G_1.2), the 
increase of one entails a reduction of the other. Depending on their focus, the man-
agers need to decide on weighting. With a defined weighting of related indicators, a 
target-oriented forest management can then be planned and implemented more 
precisely.

Our evaluation regarding the weighting methods, which tested three different 
weighting options, did not provide a clear basis for decision to select one (Fig. 3.9). 
However, weighting by the centrality for CSF may be recommended. Forest man-
agement in mountain areas has to consider the large body of ecosystem services 
(Blattert et al. 2017). Weighting by centrality allows addressing the importance of 
different ecosystem services and reducing the possible inherent bias of selected 
indicators. Nevertheless, it is important to remark that the kind of normalization 
used introduces implicit weighting of indicators (Booysen 2002), by including 
thresholds and transforming functions which consider smartness. This can be 
observed in Figure 3.10, where the stability indicator (Stb_2.5) showed low values, 
although they represent different species composition and management, which 
might result in lower values of the composite indicator.

In future steps, other methods for weighting and aggregating should be tested to 
guarantee the robustness of the composite indicators. Thus, non-compensatory 
aggregations could be compared to the used compensatory ones. Multi-criteria deci-
sion analysis (MCDA) can be used to deal with possible trade-offs among indicators 
or overrepresenting indicators (e.g., several indicators for a given criteria) 
(Wolfslehner and Vacik 2011). Finally, sensitivity analyses can be used to determine 
the indicators influence on the composite indicator value, giving a better under-
standing of the whole process (Greco et al. 2019).

3.5.3  Use of Indicators of Climate Smartness for Development 
of Silvicultural Prescriptions

In the past, the development of silvicultural prescriptions and guidelines focused 
mainly on wood production; in the last few decades, additional aspects such as car-
bon sequestration, biodiversity, or recreation were integrated (Hilmers et al. 2020). 
Indicators and criteria of climate smartness may become essential additional aspects 
of silvicultural prescription in regions with increasing risk of drought, snow break-
age, or storm (Churchill et al. 2013). No matter whether silvicultural prescriptions 
are derived and formulated normatively and qualitatively or based on scenario anal-
yses, both approaches should consider the mitigation and adaptation aspects of the 
derived and prescribed silvicultural guidelines for a given region and forest type 
(D’Amato et al. 2011).
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Quantitatively based indicators and criteria of climate smartness have the advan-
tage that they may be implemented in forest stand simulators in addition to other 
criteria of an extended concept of sustainability (Kneeshaw et  al. 2000). 
Consideration of climate smartness aspects becomes of increasing importance, as in 
the last decades forest science and forestry were faced with environmental impacts 
on forest ecosystems such as acid rain, increasing atmospheric ozone concentration, 
and eutrophic deposition as well as climate change. There was hardly any previous 
experience from experiments or monitoring how forestry may mitigate or adapt to 
such environmental changes (see Chap. 10 of this book; Tognetti et al. 2021). Field 
experiments are costly and very long-lasting; they are important but not sufficient to 
quickly provide forest management with recommendations for decision-making 
under environmental stress. Under such conditions, simulation models and model 
scenarios are often the only alternative for getting decision support. And stand or 
tree simulators, equipped with indicators and criteria of climate smartness, may be 
just the appropriate tool for developing new well through-thought silvicultural 
guidelines by scenario analyses (see also Chap. 8 of this book; Pach et al. 2021). 
The resulting quantitative silvicultural prescriptions may subsequently promote the 
transition from the analysis to the design of complex mixed-species stands and their 
increased implementation and successful regulation.

3.5.4  Prospects for Adapting the Set of Indicators for Climate 
Smart Forest Planning

There are many challenges for forest planning to address climate smartness. Issues 
related to how to manage and limit uncertainties and risks in forest management are 
probably the main ones. Traditional forest planning based on stable conditions is 
certainly not appropriate any more. The concept of adaptive, climate smart forest 
management also involving new silviculture strategies seems to be a more promis-
ing alternative.

Forest planning is an important tool for CSF operationalization as a merged part 
of SFM (Nabuurs et al. 2017). As previously mentioned, the European set of C&I of 
SFM is predominantly aimed at forest policy at national spatial level. But similar to 
stand level, they can be used in planning processes as soon they are operationalized. 
Nonetheless, additional indicators at the FMU need to be considered for CSF. The 
important indicators for climate smart forest planning as defined in our study are 
related to describing (1) forest management, (2) forest stand reaction to imple-
mented forest management activities, (3) impact of extreme events on forest stands, 
and (4) capacity of forest stands (and management) for adaptation and mitigation.

The selected indicators (Table 3.4) are important in the whole planning process. 
By introducing the system of forest inventory based on permanent sample plots, the 
quality of information was strongly improved (Tomppo et al. 2010), as it enables 
insight into changes of forest stands. However, the role of indicators is not limited 
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to understanding forest stand development only, since they are important for man-
agement decisions, too. CSF, similarly as SFM, should be understood as an active 
approach. There are many general suggestions about the adaptation of forest man-
agement to climate change and its mitigation potential, e.g., those related to the 
rotation length, silvicultural systems, and thinning regime (e.g., Ruiz-Peinado et al. 
2013; Brang et al. 2014; Bravo et al. 2016; Sohn et al. 2016; Socha et al. 2017). 
However, the general suggestions should be adapted to the natural, economic, and 
social settings in single FMUs. As a consequence, indicators describing active for-
est management at the FMU level and its impact on forest stands are crucial for 
operational CSF.

A set of indicators can be applied in multi-criteria decision analysis (MCDA) 
(e.g., Duncker et al. 2012; Blattert et al. 2017) to support decision-making as well 
in the estimation of management effectiveness for providing CSF. This seems to be 
a promising approach for CSF planning. A forest management unit can be an appro-
priate spatial framework for applying MCDA.

In the concept of adaptive forest management, improved management activities 
can be understood as a “new experiment.” This is why monitoring of forest stand 
response on various activities is crucial. For both  – management activities and 
response of forest stands to them – indicators are needed. By integrating CSF assess-
ment at stand and management unit, some indicators at stand level (Table 3.1) may 
increase their significance when being upscaled for providing information of spatial 
variability at forest management unit (e.g., growing stock, size distribution in even- 
aged structures, increment, and felling).

Long-term experimental plots can strongly support the development of adaptive 
forest management. This chapter shows an example of how experimental plots 
(Sect. 3.3.5) can be used for extracting information of the impact of different silvi-
cultural options for climate smartness, as well as for evaluating indicator assess-
ment. New adaptive forest management strategies to achieve CSF need to be tested 
scientifically, so collaborative experimental networks which cover different condi-
tions (site, owners, management objectives, etc.) are required (Holmes et al. 2014). 
The application of the developed framework to broader networks of experimental 
plots, such as those presented in Chapter 5 of this book (Pretzsch et al. 2021), would 
enable to improve the framework and reach a robust system for climate smartness 
assessment.
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 Appendix 3.2. List of Indicators Assessed for Their Importance 
for Climate-Smart Forestry Planning

Criteria Indicators

Forest resources Forest area
Growing stock
Age structure
Diameter distribution
Forest carbon

Forest health and vitality Deposition and concentration of air pollutants
Soil condition
Defoliation
Forest damage
Forest land degradation

Productive functions Increment and felling
Roundwood
Non-woods goods
Services

Forest biological 
diversity

Diversity of tree species

Regeneration
Naturalness
Introduced tree species
Deadwood
Genetic resources
Forest fragmentation
Threatened forest species
Protected forests
Common forest bird species

Protective function Protective forests – soil, water, and other ecosystem functions
Socioeconomic 
functions

Forest holdings

Contribution of forest sector to GDP
Net revenue
Investments in forests and forestry
Expenditure for services
Forest sector force
Occupational safety and health
Wood consumption
Trade in wood
Wood energy
Accessibility for recreation
Cultural in spiritual values

(continued)
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Criteria Indicators

Other Management system applied
Slenderness coefficient
Vertical structure of forest stands
Horizontal distributions of tree crowns
Tree species composition of natural regeneration
Recruitment of trees above threshold (usually dbh = 8 or 
dbh = 10 cm)
Amount and structure of sanitary felling according to the main 
agents)
Register of harvested trees in past planning period (tree species, 
dimension)
Growth of trees and stands (e.g., diameter growth…)
Vitality status of tree species /forest stands
Horizontal structure of forest stands (patchiness)
Density of forest stands (basal area, number, SDI)
Tree species composition of single forest stands
Silvicultural works (planed and implemented)
Damages of trees (stands) per agents (wind, snow…)
Mortality rate of trees
Growth intensity of forest stands (volume increment/stand volume)
Timber quality of trees
Register of natural disturbances in a FMU (windthrow, draughts…)
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