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Abstract

In the field of assessing forest ecosystem service provision and biodiversity, there seems to be a gap between an existing
large body of valuable expert knowledge and its application. We propose fuzzy logic evaluation systems as a contribution to
closing that gap. With this method-focused pilot study, we explored the potential of fuzzy logic for assessing the provision
of different ecosystem services in a simulation case study, covering a large forest landscape in Southern Germany. Based on
expert knowledge and available literature, we designed a fuzzy logic evaluation system for biodiversity, and the ecosystem
services balanced wood production, storm and bark beetle damage resistance, and recreation value. This evaluation system
was applied to 100-year simulation outcomes for three contrasting forest management scenarios in the landscape of interest.
While the results of the case study in general support the idea of a multifunctional forest management, fuzzy logic turned
out pronouncedly useful as a method. This is due to its potential to make otherwise unused expert knowledge applicable and
transparent in a formal evaluation process. Based on our results, we discuss the approach related to its potential for interdis-
ciplinary integration of knowledge, for revealing tradeoffs and synergies, and participative planning processes.

Keywords Ecosystem service assessment - Fuzzy logic - Sustainable forestry - Simulation

Introduction

Forest ecosystem services and biodiversity: gap
between information demand and supply

Benchmarking sustainability, management planning, and
policy making on the basis of a multitude of ecosystem
services to be provided and biodiversity is presumably the
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precondition of the multifunctional forest management para-
digm. This is documented by a broad body of approaches
toward categorizing, labeling, and assessing biodiversity and
ecosystem services in the political as well as in the scientific
debate (Haines-Young and Potschin-Young 2018; Biber et al.
2015; Dobbs et al. 2011; Pretzsch et al. 2008; Schroter et al.
2005; Millenium Ecosystem Assessment 2005; MCPFE
1993). This obvious demand in information is still in a
striking contrast with the information that is actually and
workably available to forest management. On the one hand,
this has to do with the traditional focus on wood production
alone—and tradition always comes with inertia—but on the
other hand, there is a methodical problem of its own. Given
the focus of this study, both aspects are worth a closer look.

For the greatest part of the time since methodical forest
management exists, i.e., about three centuries, it was con-
cerned with supplying timber, the all-purpose raw material
that had become drastically scarce due to unregulated for-
est utilization during the centuries before. And the mere
reason for establishing forest science at all was to sup-
port forest management in this effort. This resulted in an
enormous accumulated experience about wood production
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documented in an evolving wealth of data, concepts, meth-
ods, and tools up to the present day. No wonder, our long-
term experiments, inventories, planning methods, and even
the most recent growth models strongly mirror this tradition.
We perceive other forest ecosystem services, in contrast,
as genuinely independent qualities for not more than a few
decades. While a longer and less simplifying treatment of
historical aspects was beyond the scope of this paper, we
should, however, mention that in Central Europe, especially
Germany, the concept of forest functions was developed
considerably earlier and independently from the ecosystem
services approach. While both concepts share the same basic
idea—dealing with forest benefits apart from wood produc-
tion—there are also substantial differences. The interested
reader will find detailed comparisons of both approaches in
Kindler (2016) and Pistorius et al. (2012); from a manage-
ment perspective, Tiemann and Ring (2018) and Meyer and
Schulz (2017) provide deeper insights. Although this paper
sees itself in the context of the internationally widespread
ecosystem services concept, its methods are applicable in
the forest functions framework as well. Most important for
our narrative, while past foresters were not unaware of forest
benefits beyond wood and their importance (cf. Assmann
1971), they traditionally considered them to come automati-
cally “in the wake” of wood production (Rupf 1961).
Insofar, the comparatively short history of systematic
research into ecosystem services beyond wood could be
taken as an explanation for the gap between demand and
supply of information. Probably more important than the
historical burden, however, when trying to quantify the eco-
system services beyond wood provision, we encounter dif-
ficulties that cannot be solved by methods as established for
measuring the quantity and quality of wood and timber. As it
seems, many of these ecosystem services are very difficult or
virtually impossible to measure directly. This is also true for
biodiversity, which is not considered an ecosystem service
itself, but a precondition for the provision of a broad range of
ecosystem services (cf. Haines-Young and Potschin-Young
2018; Mace et al. 2012; Maes et al. 2012; De Groot et al.
2010; Millenium Ecosystem Assessment 2005; Scherer-
Lorenzen et al. 2005). As this distinction is not crucial for
the point of our study, we will take biodiversity as included
when we use the term “ecosystem services” in the further
text (unless otherwise stated) for the sake of easier reading.
Despite this special role of biodiversity as mentioned
above, it is an ideal example for elaborating on this point:
Measuring (i.e., not estimating or proxying) biodiversity
at, say, a forest inventory plot would take a full survey of
the plant and animal species present, not to mention spa-
tial aspects of diversity. Extrapolating the costs of such an
undertaking from one single inventory plot to a whole forest
estate or a national forest inventory easily disqualifies that
approach from application in practice. Implementing the
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same idea in forest simulation models would take to com-
bine them with population models of all possibly present
species. This has been successfully done for single species
(Kohler et al. 2002), but is virtually impossible for the whole
set that ultimately constitutes biodiversity. As it turns out,
forest structure in a wide sense offers itself as a proxy (see a
recent meta study by Dieler et al. 2017), e.g., a forest stand
comprising many tree species and a significant tree size het-
erogeneity is likely to harbor a large variety of habitats also
for non-tree organisms and thus can be concluded to provide
more biodiversity than a neighboring plantation (Gao et al.
2014).

Another kind of virtual measurement impossibility
comes, e.g., with a category of ecosystem services called
“Cultural Services” (Milcu et al. 2013), including histori-
cal, therapeutic, educational, recreational, and even spiritual
services. Besides the primary difficulty to measure, say, the
historical or therapeutic value of a forest, the perceived
provision of this kind of services is frequently inseparable
from value judgements that may strongly differ among social
strata, interest groups, and even individuals within the same
strata or group (Hobbs 2016; Hernandez-Morcillo et al.
2013; Skér 2010; Hull et al. 2001).

Therefore, bypassing direct measurement attempts and
searching for accessible proxies seems to be a promising
undertaking. In a review of cultural ecosystem service indi-
cators, Herndndez-Morcillo et al. (2013) present five types
of indicators for cultural ecosystem services ranging from
condition indicators and function indicators, which describe
relevant properties and functions of the ecosystem itself, to
the point of impact indicators, which relate to peoples’ physi-
cal, economic, social, and spiritual well-being. While we are
fully aware of that broad spectrum, we concentrate in this
study on proxies related to the first two types, i.e., such that
can be linked to forest structure for two pragmatic reasons:
First, our study is embedded in the context of forest simula-
tions and inventories, which limits us to forest structure infor-
mation; second, forest structural properties are those which
can be directly worked on by forest managers. Doing so, we
feel in line with De Groot et al. (2010) who recommend:
“Any ecosystem assessment should first aim to determine the
service delivery in biophysical terms, to provide solid eco-
logical underpinning ...”. While the weight to be given to
structure-based indicators in a holistic evaluation of cultural
services is under debate (cf. Meyer et al. 2019), there is no
doubt, that they play a role (Hegetschweiler et al. 2017; Hol-
gén et al. 2000; Li et al. 2014), e.g., De Valck et al. (2014)
report a general public preference of more near-to nature,
i.e., rich-structured mixed forests, but opposition even against
measures toward that goal if these temporarily create less
desired structures. Or, a significant number of accessible very
large sized, thus impressing, tree individuals will, in the view
of a considerable share of the population, transport spiritual
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value; as Trigger and Mulcock (2005) put it, trees are—in
a spiritual sense—seen as sources of inspiration and intel-
lectual reflection, symbols of place and metaphors for life.

While, in the assessment of cultural services, the problem
of value judgments continues to persist, structural variables
like tree species composition, size heterogeneity, or number of
large trees are often covered by current forest inventories, and
they are traceable with modern forest growth models. In addi-
tion, many numeric indicators have been designed in order to
crystallize certain aspects of forest structure like tree species
richness, vertical structure, horizontal distribution patterns
of trees, species, stand types, stand density (Ehbrecht et al.
2017; Gadow et al. 2012; Lamonaca et al. 2008; Maltamo
et al. 2005; Latham et al. 1998) to mention only a few. From
this perspective, there seems to be a wealth of information
available, and the question arises how to translate the proxies
into useful assessments of ecosystem service provision.

Fuzzy logic as an evaluation approach for ecosystem
service provision

In a strict quantitative sense, a considerable body of litera-
ture reports approaches to statistically or even mechanisti-
cally link forest structure information with the provision of
ecosystem services (Nowak et al. 2016; Schuler et al. 2017;
Vila et al. 2007; Graham et al. 2004). However, this has been
done so far mostly in a punctual, case study bound way. Gen-
eralizable results that could be accepted as they are for eco-
system service assessment are broadly missing. The situation
is different when we look at qualitative approaches. There is
a broad body of accepted expert knowledge, often available
in the form of guidelines for forest practice or textbooks
(Mason et al. 2018; Beatty et al. 2018; Food and Agriculture
Organization of the United Nations 2013; Kaulfufl 2012;
Hein et al. 2008; NZ Forest Owners Association 2008). As
a typical example, there is an online guideline for mitigating
fire risk in North-East German forests, which makes (among
others) the point that risk increases with the share of Scots
spine and the share of trees with small diameters in a stand
(Kaulfuf3 2011). Every forest practitioner working in that
region will agree to this idea from their own experience,
and, importantly, it links forest structure with the regulat-
ing ecosystem service “forest fire preclusion.” While these
large pools of expert knowledge are permanently utilized
for making decisions in forest management practice, their
potential for ecosystem service evaluation has virtually not
been exploited so far. What is lacking is a formal way to tap
such qualitative expert knowledge in a way that it becomes
applicable for assessment of forest inventories as well as
simulated forest scenarios regarding ecosystem services.

In a recent paper, Blattert et al. (2017) propose a promis-
ing approach based on utility theory; they map values of

forest (structure) indicator variables by way of utility func-
tions to a dimensionless score between 0 and 1, 0 indicating
the worst, and 1 indicating the best available performance
in terms of ecosystem service provision. With this pilot
study, we want to suggest an additional useful way for the
same mapping task, based on fuzzy logic. We will do that
by example of a case study landscape, but the focus of the
paper is on the method.

The concept of fuzzy logic, introduced by Zadeh (1965),
has a few key properties that seem to make it ideal for
the task at hand. As fuzzy logic systems incorporate the
“vague,” i.e., fuzzy reasoning of the human mind, they are
useful for robustly mimicking the way experts develop quali-
tative assessments of a given situation (the central idea is to
express variables as fuzzy sets; see methods section). The
reasoning implemented in fuzzy logic systems is always
based on rules which should be defined by experts. In other
words, the rule set of a useful fuzzy logic system is con-
solidated expert knowledge. As will be discussed later, such
rule-based setups are highly transparent and allow intuitive
access, which is an important advantage compared to more
abstract approaches in the context of decision making in
forestry.

Goals of this study

With this pilot study, we want to demonstrate with a focus
on the method (i) how fuzzy logic can be used to link the
provision of ecosystem services and biodiversity to available
information about a forest area, (ii) how this concept applies
to forest management scenarios, first with a focus on single
ecosystem services, second with a synoptic view. To this
end, we used forest landscape simulations in a case study
area in Southern Germany as our forest data. When assess-
ing ecosystem service provision, we deliberately restricted
ourselves in this pilot study to using mean stand level vari-
ables for the whole landscape only. We are doing so in order
to keep the presentation at a reasonable size, and we con-
sider this admissible, as our goal is to present the method.
However, there is no fundamental reason that would forbid
upscaling fuzzy logic evaluations from the level of single
stands to the landscape or combining stand and landscape
level evaluations.

In this paper, we follow the classification proposed by the
Millenium Ecosystem Assessment (Millenium Ecosystem
Assessment 2005), which distinguishes four categories of
ecosystem services, namely supporting, provisioning, regu-
lating, and cultural services. The specific services, we focus
on are (i) biodiversity (precondition for many services), (ii)
balanced wood production (provisioning service, precisely
defined in Sect. "Fuzzy logic evaluation of balanced wood
production"), (iii) the resistance against storm and bark bee-
tle damages (risk resistance as a regulating service), and (iv)
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recreational value (cultural service). We use the case study
itself just as a vehicle to present and evaluate our methods;
they can be applied analogously to other regions and sets of
ecosystem services.

The fuzzy logic system constructed in this study was
developed in its entirety with the free programming language
R (R Core Team 2019), namely the package ‘sets’ (Meyer
and Hornik 2009).

Material and methods

Forest management scenarios in the case study area
Augsburg Western Forests

We demonstrate our approach with the case study area
“Augsburg Western Forests,” where we used the same data
sources and forest management scenarios as presented by
Schwaiger et al. (2019). The 120,000 ha sized area with
53,000 ha forest cover is located near the major city of

Augsburg (48° 22" N, 10° 54" E, 300,000 inhabitants) in
Southern Germany (Fig. 1). This area is of special interest in
the context of our study, as highly productive and therefore
economically valuable forests encounter the manifold expec-
tations of an urban population, e.g., in terms of recreation
and nature protection. The region is dominated by Norway
spruce forests; young stands tend to be underrepresented in
the area’s stand age distribution (see Supplementary Infor-
mation S2 for more details).

For describing the forest status quo, i.e., the initial situa-
tion of all subsequent simulations we used two data sources,
(i) the third German national forest inventory (NFI), and
(ii) the Bavarian state forest inventory (BSFI). This allowed
us to distinguish 277 stand types that could be individually
treated in the subsequent simulations (see Supplementary
Information S2).

Starting with the initial situation described in these data,
we performed scenario simulations using the forest growth
simulator SILVA (Pretzsch et al. 2002) which is valid for
the most important tree species in Central Europe under
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Fig.1 The case study area Augsburg Western Forests. Location
in Germany (left) and detailed view (right). The gray outline in the
detailed map marks the case study area, colored shapes indicate forest
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areas, with different colors for different owner categories: Green—
Federal State of Bavaria; yellow—private forest; red—municipal for-
est. The blue outline shows the city area of Augsburg
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monospecific even-aged as well as in uneven-aged mixed
stand conditions. Three different overarching silvicultural
concepts on landscape level were defined for simulations
with SILVA. We called them (i) “multifunctional forest”, (ii)
“production forest”, and (iii) “setaside”. In the multifunc-
tional forest scenario, the goal was to actively increase the
share of deciduous tree species and to develop the forest into
uneven-aged mixed stands. Quite the contrary was the idea
behind the production forest scenario. Here, conifer species
were promoted and managed in even-aged stands for maxi-
mum wood production. The setaside scenario assumed the
complete cessation of any active forest management for the
sake of ecological process protection. Both active manage-
ment scenarios clearly required considerable differentiation on
stand type level. See Schwaiger et al. (2019) for an in-depth
description. All three landscape level scenarios were simu-
lated for a time span of 100 years; climate conditions were
kept constant on the current values. This wide time horizon
meets the requirements of long-term strategical considerations
in forest management and policy while including the shorter
view required for quantitative adaptive management planning.

Standard output variables

The growth simulator SILVA provides a set of more than
thirty output variables, ranging from classic forest informa-
tion like standing volume and volume increment to timber
assortment volumes and indexes for stand structure and diver-
sity (Pretzsch 2010). In this paragraph, we shortly explain
just those nine output variables that were used as input for
the fuzzy logic evaluation in this study. All of these variables
and their simulated development over time were available for
each stand type, but for the purpose of this pilot study—the
demonstration of a method—we restricted ourselves to using
landscape level stand average values (see above).

The input variables of interest in this study were: (1) The
Standing Volume ( m’/ha ), i.e., the above ground merchant-
able wood over bark including the stumps, calculated using
the form factors by Franz et al. (1973). (2) The Standing
Volume of Trees with dbh>40 cm, and (3) dbh> 60 cm,
was used for quantifying the occurrence of large and very
large trees, which is of avail for several of the ecosystem
services of interest in this study. (4) The Volume Share of
Norway spruce, expresses the volume share of the region’s
key economic tree species as a dimensionless number
between zero and one. (5) The Volume Increment (m>/ha/
year) is the mean annual wood volume increment between
two subsequent points in time in the simulation. (6) The
Harvest Amount (m3/ha/year) is a mean annual value in the
same sense as volume increment. (7) The Harvest Incre-
ment Ratio is the quotient of the harvested wood volume and
the volume increment of the same period. (8) The Species
Profile Index (Pretzsch 2010, p. 281) is an extension of the

Shannon diversity index (Shannon 1948) that evaluates the
overall diversity resulting from the species richness and the
vertical stand structure (the range of values being between
0 for monospecific mono-layered stands, and 2 or even more
for uneven-aged mixed forests). (9) Coarse Deadwood (m?/
ha) is the amount of above ground deadwood with a diameter
of at least 7 cm over bark.

Fuzzy logic evaluation of balanced wood production

In this section, we will describe the evaluation of the ecosys-
tem service “balanced wood production” and shortly glance
into the most important principles of fuzzy logic as we move
along. A full explanation of fuzzy logic basics, however,
would be beyond the scope of this paper. However, in order
to provide a deeper background in an application-oriented
context, we included a more detailed and more complete
overview of fuzzy logic using the example of balanced wood
production in the supplement to this paper (Supplementary
Information S1). Note that, in this article and in the supple-
ment, we deliberately did not choose the rigorous introduc-
tion approach as one would find it in textbooks about fuzzy
logic. We rather tried to explain it from a very strict and
practical application perspective, leaving out all theory that
is not absolutely required. For readers who are interested
in a more formal and deeper introduction, we recommend
modern textbooks, e.g., Buckley and Eslami (2002).

Before we delve into methodological issues, we should
mention what exactly we mean with the term “balanced
wood production”: In this study, we would like to under-
stand “wood production” as the amount of wood which is
actually harvested during a given period of time (10 years in
our application) and (at least theoretically) available on the
market as a commodity. This wood production is the more
“balanced” the more it coincides with the wood increment
during the same period of time. One could rightly argue
that an equality of harvest and increment is the definition
of “sustainable wood production.” However, since the very
beginning of forest science, a multitude of sophisticated
concepts for assessing sustainable wood production under
a broad variety of conditions have been developed which is
the reason for our choice of a more cautious terminology. In
addition, while an equality of increment and harvest seems
preferable in most situations, a less balanced wood pro-
duction might be sometimes desired under certain circum-
stances (e.g., in a transition from one silvicultural concept
to the other). Using the more neutral wording “balanced”
instead of the highly connoted term “sustainable,” seems to
be advisable from this angle of view as well.

When we propose to evaluate the ecosystem service “bal-
anced wood production,” critical readers might argue that
applying a fuzzy evaluation system for this ecosystem ser-
vice makes not too much sense, because the key ingredient
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variables we used, annual wood volume increment, and
annual harvest are perfectly measurable. We do not at all
advocate for withholding these numbers from stakeholders
and decision-makers; we see, however, an advantage in addi-
tionally providing an assessment that results from a combi-
nation of both, increment and harvest, because it reduces
complexity while providing the essential information.

The idea of the assessment is that on the one hand, the
absolute level of increment determines the potential of bal-
anced wood production, but that this is penalized on the other
hand if the increment and the harvest do not match. In this
concept, obviously, the more the harvest differs from the
increment in both directions the less balanced it is. In other
words, continuous underharvesting and overharvesting are

Table 1 Rule set for the assessment of balanced wood production

both deviations from “balancedness.” Besides the obvious
overharvesting, we also considered underharvesting as unbal-
anced in a negative sense as it does not scoop out the potential
and rules out future silvicultural options due to accumulating
risk (Cameron 2002). Our fuzzy logic evaluation system was
thus designed in a way that the increment, being the biologi-
cal basis, defines the possible maximum performance, and
that an unfavorable ratio of harvest and increment will reduce
(i.e., penalize) that performance in turn. The whole rule set
reflecting this concept is visualized in Table 1 which will be
explained below. But before rules can be applied, the input
variable values have to be assigned to fuzzy sets.

In Fig. 2, we show the attribution of the continuous input
variables “volume increment” and “harvest increment ratio”

Harvest Increment Ratio

Volume Increment very low low normal high very high
very low
low
medium
high
very high

Legend
Balanced Wood very low low medium high very high

Production

The rule set consists of a matrix which combines the annual wood volume increment per unit area with the ratio of harvest and increment. In this
rule system, all combinations use the AND operator. The color codes “red,” “orange,” “yellow,” “green,” “dark green” represent the balanced

2

wood production assessments “very low,” “low,

Volume Increment

medium high  very_high

o) vviry_low low

1

Membership Grade

m3hala

Fig.2 Fuzzy sets and fuzzyfication of input variables. Left: Volume
increment, right: Harvest-increment ratio. In the left diagram the
membership function for the fuzzy set “medium volume increment” is
highlighted in bold and blue; the same is done in the right diagram
for the membership function of the fuzzy set “high harvest-increment
ratio.” The dashed lines in the left diagram show how an arbitrarily
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medium,” “high,” and “very high,” respectively”

Harvest-Increment Ratio

o very_low low normal very_high

high

0.6 0.8 1
|

Membership Grade
0.4

chosen increment of 7.5 m*/ha/a corresponds to a membership grade
of 0.64 and 0.36 to the fuzzy sets “low” and “medium” respectively.
In the right diagram we show how a harvest increment ratio of, e.g.,
1.4 translate into a membership grade of 0.2 and 0.8 to the fuzzy sets
“normal,” and “high,” respectively
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to different fuzzy sets representing the categories “very
low,” “low,” “medium/normal,” “high,” and “very high.”
Note, that these categories are “fuzzy”; there are typical val-
ues for each category, and if a given input value is near such
a typical value, its membership grade for the corresponding
category is high (i.e., near 1). Away from typical values,
membership grades are low; far away, they are zero. Note
that fuzzy sets are not necessarily defined as isosceles trian-
gles—many kinds of shapes have proven useful (see Buckley
and Eslami 2002; Zadeh 1965). We are using equally sized
isosceles triangles for all categories of one input variable in
this study simply, because more complicated shapes were
not required for our purpose. Typically, fuzzy sets overlap,
so that one input value can belong to more than one fuzzy
set (cf. Fig. 2, where the example value of volume incre-
ment is medium and low at the same time). We see here a
very important advantage of fuzzy logic compared to other
approaches, as the classic “number-on-the-edge problem”
does not exist. One can always argue about what exactly is,
e.g., a typical “high” volume increment and where exactly
to delineate it from “medium” or “low.” While this typically
makes a crucial (and actually an artefact) difference in a
classic binary logic-based evaluation, fuzzy set-based evalu-
ations will be robust and plausible as long as the “rough
picture” is appropriate. As Zadeh (1965, p. 339) puts it:
“Essentially, such a framework provides a natural way of
dealing with problems in which the source of imprecision is
the absence of sharply defined criteria of class membership
[...].” Our decisions about how to arrange the fuzzy sets
(what is a “high,” what is a “low” increment, etc.), were
based on our overview of forest inventory and research plot
data from central Europe, and our professional experience
as growth and yield specialists. Throughout this study, we
always used five fuzzy sets (from “very low” to “very high”)
per variable, because this division seemed intuitive and suf-
ficient to cover the required nuances.

Once the input variable values are assigned to categories
(i.e., fuzzy sets), they can be evaluated with a system of
rules. Rule-based evaluation is clearly not exclusively tied
to fuzzy logic, but due to the blurring of fuzzy sets, the
“blurred” reasoning of the human mind is nicely mimicked,
which stands in contrast to classic binary logic. Two exam-
ples for rules out of the rule system for evaluating balanced
wood production are:

1. IF volume increment is low AND harvest increment ratio
is high THEN balanced wood production is very low

2. IF volume increment is medium AND harvest incre-
ment ratio is normal THEN balanced wood production
is medium

Note that if an input value belongs to more than one
category (e.g., if volume increment belongs to “low” and

Balanced Wood Production

o very_low low medium high  very_high

-

0.6
1

Membership Grade
0.4

0.2
|

[ T I T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig.3 Balanced wood production as a fuzzy goal variable. It con-
sists of five fuzzy sets defining the categories “very low,” “low,”
“medium,” “high,” and “very high.” The category “medium” is high-
lighted in blue. Balanced wood production is mapped to the number
range [0, 1] as spanned by the horizontal axis

“medium” simultaneously), the rules for both categories
will be applied. The higher the membership grades of the
input variables to a rule, the more weight will be given its
output. In Fig. 3, we show how we mapped the fuzzy output
categories very low, low, medium, high, and very high to the
numbers between 0 and 1. See Supplementary Information
1 for how this works in detail. Also note the operator AND
used in both example rules. While we exclusively used the
AND operator in all rule systems shown in this study, there
exist also the operators OR, and NOT which are extensions
of the classic operators to fuzzy logic (see Table S1 in the
supplement for more details).

We show the whole rule set for balanced wood pro-
duction in Table 1. This table can be seen as a matrix,
the rows and columns representing the categories of
volume increment and of the harvest increment ratio,
respectively. Each matrix cell is an AND combination
of a volume increment and a harvest increment ratio cat-
egory. The color of a matrix cell represents the assess-
ment of balanced wood production (“very low,” “low,”
..., “very high”; corresponding to red, yellow, ..., dark
green) for the corresponding input variable combination,
e.g., the bottom right cell in Table 2 expresses the rule
“IF volume increment is very high AND harvest incre-
ment ratio is very high THEN balanced wood production
is medium.”

The rule set reflects exactly the evaluation idea explained
above and was designed by consensus of the authors’ group;
it clearly expresses the concept that the level of volume
increment determines what is possible, but that over- or
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underharvesting likewise mean a deviation from balanced-
ness, thus lowering the resulting assessment of balanced
wood production.

Applying each single rule that applies to a given com-
bination of the two input variables (volume increment,
harvest increment ratio) yields a membership value for
the respective category of the output variable (balanced
wood production); the output of all rules together forms
a so-called fuzzy inference (see Meyer and Hornik 2009,
and Figure S1 in the supplement), from which, finally, one
single value between O and 1 is derived (“defuzzification”).
This value is the evaluation result and, e.g., 0, 0.5, 1 would
indicate very low, medium, and high balanced wood pro-
duction, respectively, with all values in between possible.
See Supplementary Information S1 for an in-depth descrip-
tion of the procedure.
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Fig.4 Transformation of the value range of the input variables for
the biodiversity evaluation into fuzzy sets. In case an input variable
exceeds the range covered by the fuzzy sets it is trimmed accordingly,
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Fuzzy logic evaluation of biodiversity

The fuzzy logic system developed in this study for assessing
biodiversity covers four crucial forest biodiversity aspects
(cf. Felton et al. 2016): (i) tree species diversity, (ii) forest
structure, (iii) deadwood, and (iv) the presence of very large
trees. Relevant information about all these aspects could be
taken from studies and meta studies by Dieler et al. (2017),
Lindenmayer et al. (2012), Lassauce et al. (2011), Miiller
and Biitler (2010), and Hansen et al. (1991). In our evalua-
tion system, the aspects “tree species diversity” and “forest
structure” were both covered with the Species Profile Index
(Pretzsch 2010, pp. 281). The aspect “deadwood” was quan-
tified by the average amount of coarse deadwood per unit
forest area, and the presence of very large trees is expressed
by the volume of trees with dbh > 60 cm per ha. Figure 4

Coarse Deadwood
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e.g., a Species Profile Index of 2.31 would be cut to 2.0 and given a
membership grade of 1.0 in the fuzzy set “very high”
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Fig.5 The fuzzy output variable of the biodiversity assessment. The
categories “very low,” “low,” “medium,” “high,” and “very” high are
mapped to the number range [0, 1] as spanned by the horizontal axis

shows the range of values of these input variables and how
they translate into fuzzy sets. For the species profile index,
we defined “very low,” “medium,” and “very high” as typi-
cally represented by values of 0, 1, and 2, respectively. This
is in accordance with what we typically found when working
with extensive forest inventory and long-term research plot
data from Southern Germany. In a similar way, the range of
values for the volume of very large trees was adjusted. The
range for deadwood volumes (0-50 m>/ha) was set to be in
line with the values reported by Miiller and Biitler (2010);
the medium value (25 m>/ha) was defined roughly at the
current average deadwood amount in the forests of Germany
according to the latest National Forest Inventory. As Fig. 5
shows, the output variable which represents the assessed
overall biodiversity is mapped to the number range [0, 1]
with equally broad categories.

Table 2 visualizes the rule system for biodiversity
assessment. It can be conveniently depicted as a set of five
matrices, each one for one fuzzy value of the Species Pro-
file Index (very low, low, medium, high, very high). Each
matrix combines the volume of trees with dbh > 60 cm with

the coarse deadwood amount. The color codes in the matrix
cells represent the biodiversity assessments “very low,”
“low,” “medium,” “high,” and “very high,” respectively.
Each cell stands for a fuzzy rule in a very simple way: Take
the top left cell from the first matrix as an example. The
corresponding rule is: IF the Species Profile Index is very
low AND the coarse deadwood amount is very low AND
the volume of large trees is very low THEN biodiversity
is very low. Thus, basically, this rule system functions in
the same way as was described above for balanced wood
production. However, as there are three input variables for
biodiversity, more than one matrix is required for visual-
izing it.

The idea behind the rule system is that stand structure and
diversity, as given with the species profile index, defines the
“base level” for overall biodiversity, because it is crucial for
the overall availability and variety of habitats of plants and
animals. For this reason, structure and tree species diversity
play a key role in many approaches of evaluating forest natu-
ralness and biodiversity (Winter 2012; Winter et al. 2010;
Tierney et al. 2009; McElhinny et al. 2005; Hansen et al.
1991). Thus, if the species profile index is low (i.e., tree
species and structural diversity is poor), we allow even high
amounts of deadwood and very large trees to contribute in
a confined way only to biodiversity. This is assumed to be
considerably different at medium and higher levels of the
species profile index. Here, there is considerable differen-
tiation of biodiversity with the deadwood amount and the
occurrence of large trees, and highest overall biodiversity
values are not possible without both components (Table 2).
The rule set in its present formulation was developed—based
on the literature mentioned in the beginning of this section—
by debate and consensus within the scientific team at the
Chair for Forest Growth and Yield, which all authors belong
to, and which is lead by the senior author. During the last
two decades, the connection of biodiversity to variables that
can be measured in the forest and provided by simulation
models has been one of the focuses of our research (Dieler
et al. 2017; Biber et al. 2015; Pretzsch 2005; Pretzsch and
Puumalainen 2002).
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Table 2 Rule set for
biodiversity assessment.

The rule set consists of five
matrices, each one for a fuzzy
value of the Species Profile
Index (very low, low, medium,
high, very high). Each matrix
combines the volume of trees
with dbh > 60 cm with the
coarse deadwood amount. The
color codes “red,” “orange,”
“yellow,” “green,” “dark green”
represent the biodiversity
assessments “very low,” “low,”
“medium,” “high,” and “very
high,” respectively.” More
explanations in the text

@ Springer

Species Profile Index

Vol>60cm  verylow
low
medium
high
very high

Species Profile Index

Vol >60cm  very low
low
medium
high
very high

Species Profile Index

Vol>60cm  very low
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high
very high

Species Profile Index

Vol >60cm very low
low
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Species Profile Index

Vol >60 cm very low
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Legend:
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Coarse Deadwood Amount
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Fuzzy logic assessment of storm and bark beetle
damage resistance

While we are seeing the resistance against storm and bark
beetle damages as a regulating ecosystem service (in accord-
ance with de Groot et al. 2010, and Millenium Ecosystem
Service Assessment 2005), we assessed it by means of its
complement, i.e., we designed a fuzzy evaluation system that
actually assesses the risk. We deemed that more straightfor-
ward, because forest risk assessment, especially with regard
to storm and bark beetle damages, is covered by a large body
of scientific literature and practitioner guidelines as cited
below. As we map the risk on a range of risk values from 0
to 1, the risk resistance value results simply from subtracting
the risk value from 1.

The case study area Augsburg Western Forests, as a typi-
cal region where Norway spruce is cultivated outside its
natural range, is potentially vulnerable to storm damages

Norway Spruce Volume Share
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Fig. 6 Transformation of the value range of the input variables for the
storm and bark beetle risk evaluation into fuzzy sets. In case an input
variable exceeds the range covered by the fuzzy sets it is trimmed

and subsequent bark beetle infestations (Ips typographus).
Although storms and bark beetles are considerably different
damaging agents, we decided to deal with the combined risk
of both because they are strongly intertwined in practice. On
the level of detail we chose for our study, there is a broad
overlap in the factors which determine the risk of both:

For assessing this combined risk on landscape level we
used three input variables (see their fuzzy set representa-
tion in Fig. 6), namely (i) the volume share of the risk
species Norway spruce (Picea abies), (ii) the volume of
trees with a dbh >40 cm per unit area, and (iii) the species
profile index. While the choice of the first variable seems
obvious (cf. Stadelmann et al. 2014), the second one
relates to the fact that the risk of storm damages increases
with tree size, whereby heights of about 30 m and more—
typically reached at diameters about 40 cm in the case
study region—are a critical threshold (Kaulfuf3 2012).
The bark beetle Ips typographus also typically requires

Volume of Trees with dbh > 40 cm
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accordingly, e.g., a Species Profile Index of 2.31 would be cut to 2.0
and given a membership grade of 1.0 in the fuzzy set “very high”
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Table 3 Rule set for the
assessment of storm and bark
beetle risk. The rule set consists
of five matrices, each one for
a fuzzy value of the volume
share of Norway spruce (very
low, low, medium, high, very
high). Each matrix combines
the volume of trees with dbh >
40 cm with the Species Profile
Index. The color codes “red”,
“orange”, “yellow”, “green”,
“dark green” represent the
risk assessments “very high”,
“high”, “moderate”, “low”, and
“very low”, respectively”
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Share Norway Spruce

Vol>40cm  very low
low
medium
high
very high

Share Norway Spruce

Vol>40cm  very low
low
medium
high
very high

Share Norway Spruce

Vol>40cm  very low
low
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high
very high
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Legend:
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Fig.7 The fuzzy output variable of the storm and bark beetle risk
assessment. The categories “very low,” “low,” “moderate,” “high,”
and “very” high are mapped to the number range [0, 1] as spanned by
the horizontal axis

diameters about this size and greater for completing its life
cycle (Wermelinger 2004; Becker and Schroter 2000). The
third variable, the Species Profile Index, at its low value
range indicates especially endangered forest areas; such
are dominated by monospecific and uniform stands (Albre-
cht 2009; Wermelinger 2004). At its high value range,
the Species Profile indicates forest conditions which are
considered particularly robust against both storm damages
and bark beetle attacks, i.e., multilayered mixed forests.
This concept is formulated in the set of rules which is
visualized in Table 3. When formulating the rule set, we
attempted to incorporate and combine the crucial aspects
taken from the literature cited above but especially from
practitioner guidelines such as Biermayer (2017), Hein
et al. (2008), and Kaulful (2012). A major assumption is
that the risk relevance of the species profile index and the
volume of larger trees increases with increasing shares of
Norway spruce (see Table 3). As can be taken from Fig. 7,
the goal variable, a risk indicator for storm and bark beetle
damages is mapped on the number range of [0, 1] in the
same way is it is done for biodiversity and balanced wood
production.

Fuzzy logic evaluation of the recreational value

As argued in the introduction, we focus on forest structure
variables when evaluating the recreational value, well aware
that this is only one aspect of this cultural service. If relevant
potential input data beyond structure are available, there is
no reason why these could not be included in fuzzy logic
evaluation systems. With regard to forest structure and what
it means for a forest’s recreational value, there is a broad
variation in what forest features are liked or disliked by the

general public (Hull et al. 2001; Skar 2010). As a general
trend documented in the literature (cf. Paletto et al. 2017;
Edwards et al. 2011; Bernasconi and Schroff 2008; Bradley
and Kearney 2007; Ammer and Probstl 1991), most recrea-
tionalists prefer a managed forest with a low visibility of
the actual management and its effects, and a “natural” forest
impression (like mixed stands and large trees). Hull et al.
(2001) coin the term cultured naturalness for this preference.
Gundersen and Frivold (2008) give, as a result of an exten-
sive literature review, an overview of preferences that turned
out very useful in designing the evaluation system at hand.

Based on literature study and discussions with local prac-
titioners from the Augsburg government agency for food,
agriculture and forestry, we structured the input information
our simulator can provide into three aspects. See Hernan-
dez-Morcillo et al. (2013) for the importance of involving
local knowledge when evaluating cultural services. These
aspects are deemed relevant for the acceptance of a for-
est area by recreationalists; we called them “Species and
Structural Diversity,” “Deadwood (natural and harvest resi-
dues),” and “Stand Density and Management Intensity.” For
each of these aspects, the fuzzy logic system estimates an
acceptance value with the base categories “very low,” “low,”
“medium,” “high,” and “very high” (Figs. 8, 9, 10, right
diagrams) acceptance of the forest by recreationalists. These
three acceptance values are then separately defuzzified (i.e.,
translated into a number between 0 and 1, see Figure S1 in
the supplement) and eventually aggregated into an overall
acceptance value.

The two input variables for the aspect “Species and Struc-
tural Diversity” are the Species Profile Index and the volume
of trees with dbh > 40 cm per unit area (Fig. 8). The former
was chosen as at low values it characterizes mono-layered
monospecific forest which would typically be perceived as
an “industrial forest” by the public. At very high values it
would characterize very rich-structured conditions, which
however implies low visibility due to an abundant layer of
small trees. Medium values are typically obtained for mod-
erately structured mixed forests dominated by two main tree
species. Including this variable is in line with findings by
Gundersen and Frivold (2008) that tree size diversity, and
species mixture are relevant (see also Paletto et al. 2017;
De Valck et al. 2014; Hull et al. 2001). This variable also
allowed us to include in the rule formulations that “a feel-
ing of accessibility and provision of a view” is important
(Gundersen and Frivold 2008); at high values of the Spe-
cies Profile Index we consider this feeling impaired due to
abundant understory.

The second variable, the volume of trees with dbh >40 cm
is intended to cover the fact that tree size is an important fea-
ture for the aesthetic perception of a forest (Edwards et al.
2011; Gundersen and Frivold 2008; Stolb 2005; Daniel and
Boster 1976). A very low coverage would indicate a lack of
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“attractive trees.” In general, more mature trees would lead
to a higher acceptance; however, an extremely high coverage
might even infer a dark and threatening impression (Skar
2010). The corresponding rule set is visualized in Table 4;
the fuzzy representation of the related variables can be taken
from Fig. 8.

The second aspect of acceptance “Deadwood (natural and
harvest residues)” covers the coarse deadwood accumulated
in the forest as a result of natural mortality and/or possibly
low quality logs left in the forest during a past harvest oper-
ation. See Kohsaka and Flitner (2004) for the importance
of this distinction. While the perception of natural dead-
wood by recreationalists has not frequently been the main
point of studies so far, and the reported results are complex
and heterogeneous (see the overview given by Rathmann
et al. (2020), we interpret and apply the available results
for our case study in way that expresses a generally skepti-
cal attitude toward deadwood (Pelyukh et al. 2019; Arn-
berger et al. 2018; Edwards et al. 2012): While the absence
or low amounts of such deadwood are frequently associated
with a “clean and healthy forest,” and medium amounts are
tolerated, high amounts are often perceived as somewhat
“morbid.”

The other aspect of deadwood included is the average
amount of fresh harvest residues remaining in the forest
per year and unit area. Here, the available results are very
unambiguous (Edwards et al. 2012; Gundersen and Frivold
2008): The less such harvest residues are visible in the for-
est, the higher the acceptance while large amounts of har-
vest residues are often seen as the ugly outcomes of what
is perceived as “mismanagement” or “forest destruction.”
Figure 9 shows both input variables and the correspond-
ing acceptance value in their representation as fuzzy sets.
Table 5 visualizes the associated rule set.

The third aspect is called “Stand Density and Manage-
ment Intensity.” It is based on the average standing wood
volume per unit area and the amount of harvested wood per
year and unit area. The amount of standing wood volume has
a lot to do with what could be called “forest impression.”
While smaller low-volume areas can be very attractive for
recreationalists, low volumes in a whole landscape would
be less acceptable, especially when going along with high
harvest amounts, because this would be perceived as a for-
est exploitation. Very high standing volumes can provoke
a feeling of a threatening forest (as conveyed archetypally,
e.g., in the Grimm brother’s tales). See Skar (2010), Hull

and Buhyoff (1986), Ribe (1989), Savolainen and Kelloméaki
(1981) for the esthetic perception of forest density. High
harvest amounts (often connected with the presence of heavy
machinery) are always perceived as unaesthetic (Ribe 1989),
see also De Valck et al. (2014), and Ford et al. (2014). While
harvest amounts correlate with the amounts of harvest resi-
dues produced (included in the second aspect “Deadwood”),
this is not the same. Managers decide what happens to the
harvest residues, i.e., to what extent they are left in the forest
or removed and used for energy production; this distinction
can also be made in our simulation system. For this rea-
son, both, the harvest amount as well as the harvest residues
remaining in the forest were included in the evaluation of
recreational and aesthetic acceptance. Figure 10 shows the
corresponding variables in fuzzy set representation. Table 6
visualizes the corresponding rule set.

As mentioned above, all three aspects are first evaluated
separately, and we obtain a number between 0 and 1—the
acceptance value—for each aspect; we call these three
acceptance values x, y, and z. In the final step we aggre-
gate these three into one overall acceptance value. This is
achieved by calculating a weighted sum of the three value’s
t-norm and s-norm (see Supplementary Information S1). In a
given fuzzy logic concept, the t-norm stands for the concept
of intersection, i.e., the lowest of the three acceptance values
dominates the aggregation result (“minimum principle”). In
the specific fuzzy logic concept we chose (“product,” see
Table S1 in the supplement), the t-norm is simply the prod-
uct of the three values:

T(x,y,z) = xyz

The s-norm represents the principle of union, i.e.,
the largest value dominates the aggregation result. The
corresponding s-norm to the t-norm shown above is the
algebraic sum

S, y,2)=x+y+z—xy—x72—y7+xy2
Our final acceptance value A is obtained as
A=y - Txy,2+{ —-y) Sxy.2) (1)

with the weight parameter y which must be from the interval
[0, 1]. For our evaluations, we set y =2/3 indicating that the
worst of the three acceptance values dominates A, but that a
considerable compensation is possible when the other two
values are high.
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Table 4 Rule set for the assessment of the acceptance aspect “Spe- file Index. The color codes “red,” “orange,” “yellow,” “green,” “dark
cies and Structural Diversity. The rule set consists of a matrix which green,” represent the acceptance assessments “very low,” “low,”
combines the volume of trees with dbh>40 cm with the Species Pro- “medium,” “high,” and “very high,” respectively”

Aspect 1 Species and Structural Diversity

Species Profile Index

Vol >40 cm very low low medium high very high
,No attractive
very low trees”
low
medium
high
. ,big trees
very high looming*
industrial ,that’s nature!” ,no visibility”
Impression”
Legend:
very low low medium high very high
Acceptance [N ]
Table 5 Rule set for the assessment of the acceptance aspect “Dead- wood. The color codes “red,” “orange,” “yellow,” “green,” “dark
wood.” The rule set consists of a matrix which combines the amount green” represent the acceptance assessments “very low,” “low,”
of remaining fresh harvest residues with the amount of coarse dead- “medium,” “high,” and “very high,” respectively”
Aspect 2 Deadwood (natural and harvest residues)
Coarse Deadwood Amount
Rem. Harvest Res. verylow  low medium high very high
low
medium
high
very high ,Mmismanagement”
,healthy ,morbid”
forest”
Legend:
very low low medium high very high
Acceptance
Table 6 Rule set for the assessment of the acceptance aspect “Stand standing wood volume per unit area. The color codes “red,” “orange,”
Density and Management Intensity.” The rule set consists of a matrix “yellow,” “green,” “dark green” represent the acceptance assessments
which combines the annual harvest amount per unit area with the “very low,” “low,” “medium,” “high,” and “very high,” respectively”
Aspect 3 Stand Density and Management Intensity
Standing Volume
Harvest Amt. very low low medium high very high
very low ,operations not visible”
low
medium
high
very high ,devastation”
,Where's the ,Claustro-
forest?” phobia“
Legend
very low low medium high very high

Acceptance NN
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Evaluating the assessments of ecosystem service
provision

The standard approach of evaluating estimates or predic-
tions is to compare them with empirical data. This was
not possible, however, with the assessments of ecosystem
service provision obtained with our fuzzy logic systems,
because their whole idea is to make variables accessible
which are hard or even impossible to measure (see Intro-
duction section). Instead, we checked all systems pre-
sented above for result plausibility above under system-
atic variations of the input variables, including extreme
conditions and adjusted them accordingly before they were
accepted. The outcomes from the final versions of the rule
systems (as presented in the Results section) also under-
went an important real-life test, when they were presented
and discussed with stakeholders in two workshops. We
elaborate about that in the Discussion section (subheading
Transparency).

Results

Simulated input variables for the fuzzy
evaluation

Before we show the outcomes of the fuzzy logic ecosys-
tem service assessment, we outline the scenario outcomes,
focused on those variables that were the input to the fuzzy
evaluation (Fig. 11). As visible in the upper panel of Fig. 11,
the multifunctional management scenario leads to very sta-
ble values of standing volume and volume increment. The
harvest amounts are gradually receding until 2060 but sta-
bilize after that. This goes along with strongly decreasing
shares of Norway spruce throughout the simulation time
(Fig. 11, bottom panel, left diagram). However, while the
harvest increment ratio slightly decreases, it never substan-
tially deviates from 1.0 (Fig. 11, middle panel, left diagram).
In the production forest scenario, the initially unbalanced
age-class distribution is fully kept or becomes even more
pronounced. The latter is due to the very heavy initial har-
vests in the old stands, which are in large part considered
overdue in the production forest concept. As these unbal-
anced age-class conditions are not mitigated, we observe
strong oscillations in standing volume, volume increment
and harvest amounts during the whole simulation time.
As evident in Fig. 11 (upper panel) these oscillations are
phase-delayed in a plausible manner. The Norway spruce
shares in this scenario increase and stabilize at about 90%
(Fig. 11, middle panel, left diagram); the harvest increment
ratio strongly oscillates but seems—disregarding the initial
extreme values—to be centered around 1.

In the setaside scenario the stands are overaging (relative
to common forest practice) and approach their maximum
density, therefore enormous standing volumes are accumu-
lated (Fig. 11, top panel, left diagram). The increments in
this scenario are initially high, but regressive on the long
run (Fig. 11, top panel, middle diagram). The overag-
ing of the stands in the setaside scenario is evident in the
strongly accumulating volumes of trees with dbh >40 cm
and even > 60 cm (Fig. 11, middle panel, middle and right
diagram). Both numbers are decreasing down to a constant
low level in the production scenario, indicating the deliber-
ate reduction of the rotation time span. In the multifunctional
scenario, they are constant (dbh >40 cm) or slightly increas-
ing (dbh> 60 cm). The volume shares of Norway spruce in
the setaside scenario are almost as high as in the production
forest scenario (Fig. 11, top panel, left diagram); Norway
spruce is dominating in the old stands and therefore also in
the regeneration. It takes active management actions, as in
the multifunctional scenario, to reduce the Norway spruce
shares during the simulation period. The species profile
index in the setaside scenario first increases considerably but
drops gradually back toward the initial level with a further
downwards tendency at the end of the simulation (Fig. 11,
bottom panel, middle diagram). This pattern results from
formerly managed forests first increasing structural rich-
ness but losing structure again as the stands move toward
maximum density. For almost the whole simulation time,
the multifunctional scenario follows the same trajectory as
the setaside, only in the last 20 simulation years it stops
receding and enters a slight upward tendency. Here, not only
stand structure, but also increasing species richness plays an
important role. As to be expected, the special profile index
reaches lowest levels in the production forest scenario.

The coarse deadwood volume quickly rises and stabilizes
at values between 80 and 90 m?/ha in the setaside scenario
while remaining constant at about 20 m*/ha in the multi-
functional forest (Fig. 11, bottom panel, right diagram). In
the production forest, the deadwood volume strongly oscil-
lates, with peaks at the times of high harvest when large
amounts of harvest residues add to the stock of deadwood.

Ecosystem service provision - fuzzy logic evaluation

The fuzzy logic based evaluation of biodiversity shows dis-
tinctly different trends for all three scenarios, starting at a
low level of biodiversity in the initial situation which rep-
resents the current real status of the forest (Fig. 12). The
production forest scenario which creates mono-layered
monospecific forests with few larger trees quickly stabilizes
on a low level of biodiversity. In the setaside scenario bio-
diversity quickly increases up to intermediate to high lev-
els, which is due to the steadily accumulating amounts of
deadwood and initially increasing stand structural richness.
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Fig. 12 Fuzzy logic assessment of biodiversity. Ordinate values of 0,
0.5, and 1 represent very low, intermediate and very high biodiver-
sity, respectively

As the stands, with increasing density, become more and
more mono-layered again, the biodiversity slowly reduces.
However, at the end of the simulation period it still shows a
substantially higher level compared to the initial situation.
While the setaside scenario is leading in biodiversity on the
short and medium term, the multifunctional scenario shows
a linear increase throughout the whole simulation time,
overtaking the setaside scenario between the years 2080
and 2090 with a further increasing tendency at the end of
the simulation. Thus, the active multifunctional management
is not able to create such a quick increase of biodiversity as
the setaside scenario does. However, it avoids the fallback
coming with the setasides and creates a steady increase of
biodiversity leading to the highest values of all scenarios on
the long term.

For the combined storm and bark beetle risk, our fuzzy
evaluation assesses the risk of the initial situation (the real
current forest status) as moderate (Fig. 13). Expectedly,
the multifunctional scenario leads to a constantly decreas-
ing risk ending up on a low risk level at the end of the
simulation. The highest, while still moderate, risk level is
attained with the setaside scenario. It is slightly increasing,
but remains in the moderate scope. High shares of Norway
spruce and increasing shares of big trees promote the risk
in this scenario, however, the comparably high structural
diversity has a risk-dampening effect. We should point out
here, that stakeholders in favor of large setasides would not
see this risk as something negatively connoted, more as an

Storm and Bark Beetle Risk
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Fig. 13 Fuzzy logic assessment of the combined storm and bark bee-
tle risk. Ordinate values of 0, 0.5, and 1 represent very low, interme-
diate and very high risk, respectively

increasing chance for obtaining more structure initiated by
natural hazards.

Expectedly, the production forest scenario leads to wide
oscillations of the assessed risk, with an increasing tendency,
but never exceeding the setaside values. In this scenario, risk
values are highest, when many stands near the rotation age
have accumulated (2050-2080). The risk does not become
extreme, however, as the old stands are harvested just about
when they reach the critical tree size. At the same time struc-
tural diversity (as expressed by the species profile index, see
Fig. 11, is not extremely low).

The results for the fuzzy logic assessment of balanced
wood production is shown in Fig. 14. Here, the multifunc-
tional scenario keeps constant on a level between moderate
and high. Reasons are constantly high increments with no
greater divergences of increment and harvest. The high-
est values for balanced wood production are obtained in
the production forest scenario, between the years 2060
and 2080. At that time the increment is very high and the
harvest amounts are not too far below. As do increment
and harvest, also the assessed balanced wood production
strongly oscillates, it is especially low in phases, when the
accumulated old stands are harvested (periods 2020-2030,
2090-2100). So, the prevailing uneven age-class distribu-
tion that is the reason for periodically shifting discrepan-
cies between increment and harvest leads to temporarily
low levels of assessed balanced wood production. This
seems plausible as such an imbalance creates a non-con-
stant flow of harvested wood.
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Fig. 14 Fuzzy logic assessment of balanced wood production. Ordi-
nate values of 0, 0.5, and 1 represent very low, intermediate and very
high balanced wood production, respectively

Clearly, the lowest levels of balanced wood produc-
tion are obtained from the setaside scenario. Despite
no harvest is taking place, the assessed balanced wood
production is low, but not on the lowest level possible.
The evaluation system takes into account, that still large
amounts of wood are produced, even though without
being harvested. Note, that already the initial values of
the assessed balanced wood production are differing. This
is because both input variables for this assessment, incre-
ment and harvest are initially not the same in the three
scenarios (Fig. 11).

As shown in Sect. 2.6, the overall recreation value is
calculated from three aspects, whose acceptance values for
recreationalists are separately assessed with fuzzy logic sys-
tems. These aspects are (i) species and structural diversity,
(i1) deadwood, and (iii) density and management intensity as
presented in Fig. 15. Combining them into the overall rec-
reation value (Fig. 15, top left) is done with Eq. 1 (Sect. 2.6),
which makes the lowest acceptance value dominating the
result while allowing for a certain degree of compensation.
The first aspect of acceptance—diversity—is on high to very
high levels, with an increasing tendency, for the setaside and
the multifunctional scenario (Fig. 15 top right). In contrast,
the production forest shows a steep drop down to low and
moderate levels, which is due to the marginal volumes of
big trees and comparably low species profile values coming
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with this scenario. The aspect of deadwood starts high for
the setaside scenario, due to the absence of harvest residues.
However, as high amounts of deadwood quickly accumu-
late due to increasing numbers of dying trees, the accept-
ance value drops down to a constantly low level (Fig. 15,
bottom left). In the production forest, the acceptance value
due to deadwood strongly oscillates between very low and
high; very low values are observed in phases of high har-
vest intensity, when high amounts of harvest residuals are
generated and vice versa. In the multifunctional forest, this
acceptance value increases from low up and stabilizes at a
moderate level due to gradually decreasing harvest amounts
with less harvest residuals at a more or less constant level of
accumulated deadwood.

For the third aspect, density and management intensity
(Fig. 15, bottom right), we observe very high initial accept-
ance values in the setaside scenario due to no harvest taking
place, which slightly recede due to increasing stand densi-
ties. An obverse development is evident for the multifunc-
tional forest. The acceptance values start moderate/high
and steadily increase to high values due to decreasing har-
vest amounts. In periods with no extreme harvest amounts,
the stand density and management intensity acceptance is
moderate to high in the production forest. Evidently, the
strong initial harvest measures and those in the period of
2090-2100 cause short-termed drop downs to very low
values.

The combination of all three acceptance aspects to the
overall recreation value (Fig. 15, top left), results in a con-
stant moderate level for the setaside scenario. Essentially
positive valuation of no harvest taking place and negative
valuation of high deadwood amounts are counteracting here.
Depending whether there is a period of intense harvest activ-
ities or not, the production forest is far below or just touching
the setaside value at best. The multifunctional forest starts
at about the same level as the setasides, but increases to and
stabilizes at an upper moderate level, consistently showing
the highest recreation values of all scenarios at any time.

Result synopsis

Our fuzzy logic evaluation maps all assessed categories of
ecosystem services on the interval [0, 1], designed to cover
the fuzzy range from “very low” to “very high.” This con-
cept lends itself straightforwardly to cross-goal variable
comparisons, because issues resulting from how to compare
differently scaled variables do not exist at this stage. Such
comparisons are shown in Fig. 16 for the simulation time
slices (i.e., calendar years) 2020, 2050, 2080, and 2110.

In contrast to the detailed timeline presentations of results
in previous Figures, the different arrangement of the same
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Fig. 15 Fuzzy logic assessment of the recreation value (top left) and its three contributing aspects (see Sect. 2.6). Ordinate values of 0, 0.5, and
1 represent very low, intermediate and very high acceptance values, respectively

numbers in Fig. 16 provides a comprehensive view of the
different ecosystem services in relation to each other. From
a decision maker’s point of view, this allows an intuitive
visual distinction of management options with more or less
balanced provision of different ecosystem services.

As indicated above, the radarcharts presented in Fig. 16
show the goal variables of this study for the given time

with exactly the same values as they were presented in
Figs. 12, 13, 14, 15. The only exception is the variable we
called “Resistance” in the radarcharts. This is just 1 minus
the risk values displayed in Fig. 13 (as resistance can be
seen as the opposite of risk). By doing so we make sure
that all displayed variable values generally indicate more
desirable conditions the further away they are displayed
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Fig. 16 Radarcharts displaying the four evaluated ecosystem services
for the time slices (i.e., calendar years) 2020, 2050, 2080, and 2110.
The axis extreme values are O (inner), and 1 (outer). Thus, the axis

from the radarchart’s center. For the resistance value, this
is beyond debate in the production and multifunctional for-
est; for the setaside scenario, resistance is clearly a desir-
able trait if carbon sequestration in the forest is the goal of
creating a setaside. This could, however, be questioned if
the purpose of the setaside is to protect natural processes.

The patterns evident in Fig. 16 show that the multifunc-
tional forest provides the most balanced provision of the
four ecosystem services from the beginning, becoming even
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range represents the fuzzy range from “very low” to “very high.”
The “Resistance” values in the diagrams are 1 minus the risk values
shown in Fig. 13

more balanced on the long run by increasing biodiversity
and recreation values. For the setaside scenario, the main
weakness is—evidently by definition—in the wood produc-
tion but also in the other fields it is losing ground to the
multifunctional scenario during the simulation time span.
The shape describing the synopsis of the production for-
est scenario is the most imbalanced one. With consistently
low biodiversity and low to medium recreation values, the
resistance and balanced wood production do not show high
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values at the same time—as a result of the strong oscillations
of many key variables in this scenario.

Discussion

The novelty of this study is clearly not a scenario analysis of
forest ecosystem service provision. It is rather one of the first
studies doing this with a fuzzy logic approach. In the con-
text of forest management, we are only aware of fuzzy logic
being applied for ecosystem service evaluation from the
works of Reynolds (Reynolds and Hessburg 2014; Reynolds
2001), while Prato (2009) uses a hypothetical case study of
natural system management to explore fuzzy logic for such
applications. Beyond ecosystem service evaluation, fuzzy
logic has been applied punctually in other sub-disciplines of
forest science (cf. Riiger et al. 2004; Kivinen and Uusitalo
2002; Lexer et al. 2000; Kahn 1995).

We hypothesize that a possible reason for this method
being not more widespread in the field of forest management
sciences so far, could be technical hurdles at the program-
ming stage. With software like the R package ‘sets’ (Meyer
and Hornik 2009), being freely available, this should not be
an obstacle anymore. Before getting into a more conceptual
discussion, another technical point should be mentioned: The
fuzzy logic evaluation as presented in this study was designed
for post-hoc application to the output of a forest growth simu-
lation model. While this is a practical and straightforward
approach, a deeper, i.e., a dynamic connection of both is
required when the goal is to automatically find optimized
management strategies. Such a connection needs a feedback
from the ecosystem service evaluation system to the simulator
(e.g., after each time step of simulation) in terms of a compari-
son of the desired and actually resulting provisions of different
ecosystem services. It also requires an algorithm adjusting
the forest management settings at the side of the simulator in
order to minimize the actual vs. target divergence. From our
point of view, another fuzzy logic controller could prove use-
ful as a main component of such an algorithm.

Generating knowledge by interdisciplinary
integration

It can be argued that, in the context of solving real-world
problems, interdisciplinary integration of existing knowl-
edge is frequently more useful than deepening disciplinary
research (Krohn 2017; Primmer and Furman 2012). The
authors suggest to consider this study from such a point of
view. Assessing the provision of a multitude of forest eco-
system services under real-life conditions is a task of making
interdisciplinary knowledge utilizable for practical purposes.

As we aspired to demonstrate, fuzzy logic offers itself as a
viable vehicle for such purposes.

The main reason is that fuzzy systems can be easily
designed to map their output on any desired range of values
and categories. In that sense, we designed the fuzzy logic
systems for all ecosystem services we assessed to provide
output values between 0 and 1, representing the extreme
qualities “very low” and “very high,” respectively. Insofar,
assessments made in the context of very different disciplines
(in our example forest growth and yield, forest ecology, soci-
ology, psychology) are transferred onto the same range. In
other words, e.g., a low balanced timber provision and a low
recreation value are expressed in their own disciplines in
fundamentally different variables and quantities. However,
the fuzzy logic evaluation tells us in the same situation, that
there are two very different ecosystem services which are,
however, both available to a low degree (both assessed based
on knowledge from their own worlds each). For decision-
makers, this is the crucial information. A fuzzy logic based
evaluation of a status quo (typically based on forest inven-
tory data) can reveal that there are ecosystem services being
provided to different degrees. In a further step, scenario sim-
ulations combined with fuzzy logic evaluations, as shown
in this study, can help to fathom if and which management
options can have a steering influence.

Making tradeoffs and synergies accessible

An important question in forest management is the exist-
ence of tradeoffs and synergies between provided ecosystem
services given certain management options, e.g., our study
revealed at least temporarily strong tradeoffs between wood
production, biodiversity, and recreation value for the produc-
tion forest scenario, while in the multifunctional forest sce-
nario synergies between these ecosystem services prevailed.
Displaying (cf. Figure 16) and communicating such tradeoffs
and synergies for practical purposes, requires an appropri-
ate mapping of the provided ecosystem services, which—as
argued before—is a strength of fuzzy logic approaches. This
paves the way to working with information that would oth-
erwise be “underused.” So far, our experiences were good
in this regard, when we communicated the outcomes of this
study in two stakeholder workshops (see below).

Transparency

Rule-based evaluation setups, as typical for fuzzy logic, are
highly transparent, which is an important advantage com-
pared to more abstract approaches (like utility functions
and related concepts) in the context of decision making in
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forestry. As is evident from the fuzzy variable construction
and evaluation rule setup we presented in this study, we
tried to incorporate the best available knowledge in terms
of literature, available guidelines and expertise, but a certain
degree of assumption was unavoidable. The transparency of
the setup is crucial against that backdrop and the intuitive
character of fuzzy logic is certainly helpful here (cf. Reyn-
olds and Hessburg 2014).

For forming an opinion about a given situation and/or
proposed alternatives, decision-makers and stakeholders
require a small set of key information which has to be boiled
down from a complex set of input information. However, on
request, the way of how this “boiling down” is done must be
traceable and adjustable in order to justify confidence. This
is not exclusively, but especially important for such ecosys-
tem services where provision strongly depends on perception
(most prominent in our example: recreation), which means
(alternative) value judgements must inevitably be possible
to be included in the assessment. As fuzzy rule formulations
can directly mirror human valuation processes (e.g., [F in a
forest landscape the volume share of Scots pine is high AND
if there is much understorey AND young stands dominate
THEN the risk of forest fires is high), they can be easily
and straightforwardly communicated to and discussed with
non-scientist stakeholders and decision-makers. Even ad hoc
adjustments to reflect different views of the same problem
are thinkable. We deem this transparency also a valuable
asset in related negotiating.

In late 2018 the authors presented the results of this study
to local stakeholders with widely differing interests, i.e.,
state, municipal, and private estate forest managers, repre-
sentatives of NGOs engaged in nature protection, recrea-
tion, farming, and hunting, as well as educationalists in two
workshops in late 2018. The success of these workshops
and the interest in the generated results was not to the least
part due to the fact that the question “how does this result
come about?” could always be convincingly answered. In
the same context, the visualization of rules as color matri-
ces (Tables 1, 2, 3, 4, 5, 6) turned out useful, but even more
when designing the rule systems in teamwork.

Participation and citizen science

Transparency of information provided to the public by pro-
fessionals is the key to participation. This is particularly
important in the context of decisions that, like in forestry,
shape the appearance of whole landscapes on the long term.
[ll-informedness often leads to suboptimal development of
democratic processes, off-point conflicts, and the frustrating
suspicion to be downplayed. Fuzzy logic evaluation rules
have, from our point of view, a high potential to improve
such processes, because they directly translate into everyday
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language. This also means, that citizens who disagree with
or doubt an evaluation can clearly articulate where they
surmise a flaw. Even more, their disagreeing view can be
inferred into an alternative rule system, and it can be trans-
parently demonstrated what difference the disagreeing views
actually make.

Another form of participation is modern citizen sci-
ence, where volunteers actively contribute data and/or
knowledge to serious scientific projects. Albeit the quality
of citizen science data must be carefully assessed, there
is good reason for optimism (Kosmala et al. 2016), and
enormous amounts of data have been collected so far,
especially in the fields of ecology and environmental sci-
ence (Silvertown 2009). Besides their originally intended
use, such data, when combined across projects and disci-
plines might generate not so much new deep disciplinary
knowledge, but decision-relevant integrated knowledge as
addressed in the first section of this discussion. As Bon-
ney et al. (2014) put it “most citizen science projects work
independently, and many citizen science data sets contain-
ing a wealth of information are unknown or unavailable to
decision-makers.” Involving the experts who are conduct-
ing citizen science projects, fuzzy logic approaches might
be very useful in transforming this information into actual
knowledge, making it usable for better-informed discus-
sions and decisions.

Limits and perspectives

Clearly, fuzzy logic cannot generate knowledge ,,out of noth-
ing,” i.e., an expert system is only as good as the integrated
expert knowledge stands on solid grounds. In order to avoid
subjective bias when forming a rule system, especially in
strongly debated fields, formal methods of collecting expert
knowledge and involving the experts beyond the mere rule
setup might become necessary (Drescher et al. 2012; McBride
and Burgman 2012). If there are seriously contrasting views
about one ecosystem service, typically such that are essentially
value judgements like the recreation value, this would require
two or more alternative rule sets to be built and applied in
order not to spoil a balanced discussion among stakeholders
from the outset.

In such aspects, however, where the experience of experts
is used to cover actual knowledge gaps, a fuzzy logic system
that plausibly supports decisions in practice, must be seen
as a temporary requirement and by no means an end point
for science. This is especially important, when health-rele-
vant issues are to be assessed, from forests effects on potable
water quality to stress-reducing aspects of being in the for-
est. In certain cases, this might call for conventional empirical
studies in fields that have not been sufficiently covered so far,
or the comb-out of citizen science data as mentioned above.
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However, expert experiences about value-loaded aspects like
the esthetical perception of forests could be scrutinized by as
yet less usual quantitative methods like eye-tracking (Nordh
etal. 2013), EEG (Chiang et al. 2017) or specific physiological
investigations like stress hormone release as recommended by
Parsons as early as in 1991.

Consequently, a fuzzy logic approach as presented in this
study should not be seen as an alternative to rigorous scientific
evaluations. It is much more an approach to make existing
knowledge ad hoc usable in actual decision making processes
(in the sense of Primmer and Furman 2012), that should be as
much based on quantitative science as possible. In the other
direction, science might profit from spotting knowledge gaps
that become evident during the build process of fuzzy evalu-
ation rules.

Conclusions

From the process and the results of this study we conclude
that fuzzy logic offers itself as a useful method for assessing
forest ecosystem service provision. This is especially relevant
in the frequent cases where a large body of expert knowledge
exists, while directly quantifiable knowledge is lacking. This
is the case for the assessment of biodiversity and the exam-
ples for a cultural, regulating and provisioning ecosystem
service we presented in this study. As a considerable advan-
tage of fuzzy logic our study confirms its intuitive rule-based
setup and nearness to human assessment processes, because
this facilitates both, the interdisciplinary design of evalu-
ation systems as well as the communication of evaluation
outcomes from the experts’ sphere to the sphere of decision
making in management, politics, and democratic negotiation
processes.

Dedication

This article is dedicated to the memory of Ernst Assmann
(1903-1979), one of the most influential German for-
est scientists in the twentieth century (cf. Pretzsch et al.
2015). While being a pioneer in the field of forest growth
and yield and its biological foundations (Assmann 1970a,
1961a), Assmann never failed to see his work in the context
of a broad view of sustainable forest management. Clearly,
wood production was an important goal of forest manage-
ment in his view, but not automatically more important than
other forest functions and services (Assmann 1971, 1970b,
1961b). Arguably, to the advantage of humans and forests,
this wide scope became a mainstream notion meanwhile,
but it definitely was not at Assmann’s time, and it is the first
aspect where this article reaches back to him.

Second, Ernst Assmann valued quantative information
far above all alternatives. Galileo’s famous motto “measure

what is measurable, and make measurable what is not so”
was Assmann’s likewise (Assmann 1961b). As we were
hopefully able to show, this is also the central theme of this
article.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10342-021-01418-4.

Acknowledgements This work has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation program under
grant agreement No. 676754 (ALTERFOR), and under the Marie Sklo-
dowska-Curie grant agreement No. 778322 (CARE4C). The authors
would also like to thank the Bavarian Government Agency for Food,
Agriculture and Nutrition, Augsburg, for their valuable support, and the
Bavarian state forest enterprise, BaySF, for providing inventory data.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Albrecht A (2009) Sturmschadensanalysen langfristiger waldwach-
stumskundlicher Versuchsflichendaten in Baden-Wiirttem-
berg, Schriftenreihe Freiburger forstliche Forschung. Forstli-
che Versuchs- und Forschungsanstalt Baden-Wiirttemberg,
Freiburg

Ammer U, Probstl U (1991) Freizeit und natur: probleme und
Losungsmoglichkeiten einer 6kologisch vertriglichen Freizeit-
nutzung. Paul Parey BerlinHamburg

Arnberger A, Ebenberger M, Schneider IE, Cottrell S, Schlueter
AC, von Ruschkowski E, Venette RC, Snyder SA, Gobster PH
(2018) Visitor preferences for visual changes in bark beetle-
impacted forest recreation settings in the united states and Ger-
many. Environ Manag 61:209-223. https://doi.org/10.1007/
s00267-017-0975-4

Assmann E (1961a) Waldertragskunde. BLV, Miinchen, Bonn, Wien

Assmann E (1961b) Wald Und Zahl. Allg Forstz 16:1-3

Assmann E (1970a) The principles of forest yield study. Pergamon
Press, Oxford, New York

Assmann E (1970b) Ziele, methoden und organisation der forstlichen
forschung. Forstwiss Cent 89:321-328

Assmann E (1971) Zuverldssige grundlagen fiir eine bewegliche pla-
nung in der forstwirtschaft. Forstwiss Cent 90:183—-188

Beatty C, Kuzee M, Cox N (2018) Biodiversity guidelines for forest
landscape restoration opportunities assessments. https://doi.org/
10.2305/IUCN.CH.2018.10.en

Becker T, Schréter H (2000) Ausbreitung von rindenbriitenden Bork-
enkifern nach Sturmschiden. Allg Forstztg 55:280-282

@ Springer


https://doi.org/10.1007/s10342-021-01418-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00267-017-0975-4
https://doi.org/10.1007/s00267-017-0975-4
https://doi.org/10.2305/IUCN.CH.2018.10.en
https://doi.org/10.2305/IUCN.CH.2018.10.en

European Journal of Forest Research

Bernasconi A, Schroff U (2008) Freizeit und Erholung im Wald.
Grundlagen, Instrumente, Beispiele, Umwelt-Wissen. Bunde-
samt fiir Umwelt, Bern.

Biber P, Borges JG, Moshammer R, Barreiro S, Botequim B, Brodrech-
tova Y, Brukas V, Chirici G, Cordero-Debets R, Corrigan E,
Eriksson LO, Favero M, Galev E, Garcia-Gonzalo J, Hengeveld
G, Kavaliauskas M, Marchetti M, Marques S, Mozgeris G,
Navrétil R, Nieuwenhuis M, Orazio C, Paligorov I, Pettenella
D, Sedmék R, Smrecek R, Stanislovaitis A, Tomé M, Trubins R,
Tucek J, Vizzarri M, Wallin I, Pretzsch H, Sallnis O (2015) How
sensitive are ecosystem services in european forest landscapes
to silvicultural treatment? Forests 6:1666—1695. https://doi.org/
10.3390/f6051666

Biermayer G (2017) Borkenkifer an Der Fichte. LWF Aktuell 1:23-25

Blattert C, Lemm R, Thees O, Lexer MJ, Hanewinkel M (2017) Man-
agement of ecosystem services in mountain forests: review of
indicators and value functions for model based multi-criteria
decision analysis. Ecol Indic 79:391-409. https://doi.org/10.
1016/j.ecolind.2017.04.025

Bonney R, Shirk JL, Phillips TB, Wiggins A, Ballard HL, Miller-Rush-
ing AJ, Parrish JK (2014) Next steps for citizen science. Science
343:1436-1437. https://doi.org/10.1126/science. 1251554

Bradley GA, Kearney AR (2007) Public and professional responses to
the visual effects of timber harvesting: different ways of seeing.
West J Appl For 22:42-54. https://doi.org/10.1093/wjaf/22.1.42

Buckley JJ, Eslami E (2002) An introduction to fuzzy logic and fuzzy
sets. Advances in intelligent and soft computing. Springer, Ber-
lin, p 285

Cameron AD (2002) Importance of early selective thinning in the
development of long-term stand stability and improved log qual-
ity: a review. For Int J For Res 75:25-35. https://doi.org/10.1093/
forestry/75.1.25

Chiang Y-C, Li D, Jane H-A (2017) Wild or tended nature? The effects
of landscape location and vegetation density on physiological and
psychological responses. Landsc Urban Plan 167:72-83. https://
doi.org/10.1016/j.1andurbplan.2017.06.001

Dobbs C, Escobedo FJ, Zipperer WC (2011) A framework for develop-
ing urban forest ecosystem services and goods indicators. Land-
scape Urban Plan 99:196-206

Daniel TC, Boster RS (1976) Measuring landscape esthetics: the scenic
beauty estimation method. Res Pap RM-RP-167 US Dep. Agric.
For. Serv. Rocky Mt. Range Exp. Stn. 66 P 167

De Groot RS, Fisher B, Christie M, Aronson J, Braat L, Haines-Young
R, Gowdy J, Maltby E, Neuville A, Polasky S, Portela R, Ring
1(2010) Integrating the ecological and economic dimensions in
biodiversity and ecosystem service valuation. The economics of
ecosystems and biodiversity (TEEB): ecological and economic
foundations. Earthscan, Routledge, Londen, pp 9-40

De Valck J, Vlaeminck P, Broekx S, Liekens I, Aertsens J, Chen W,
Vranken L (2014) Benefits of clearing forest plantations to
restore nature? Evidence from a discrete choice experiment in
Flanders, Belgium. Landsc Urban Plan 125:65-75. https://doi.
org/10.1016/j.landurbplan.2014.02.006

Dieler J, Uhl E, Biber P, Miiller J, Rotzer T, Pretzsch H (2017)
Effect of forest stand management on species composition,
structural diversity, and productivity in the temperate zone of
Europe. Eur J For Res 136:739-766. https://doi.org/10.1007/
$10342-017-1056-1

Drescher M, Buse LJ, Perera AH, Ouellette MR (2012) Eliciting expert
knowledge of forest succession using an innovative software tool.
In: Perera AH, Drew CA, Johnson CJ (eds) Expert knowledge
and its application in landscape ecology. Springer, New York,
NY, pp 69-85

Edwards D, Jensen FS, Marzano M, Mason B, Pizzirani S, Schelhaas
M-J (2011) A theoretical framework to assess the impacts of for-
est management on the recreational value of European forests.

@ Springer

Ecol Indic 11:81-89. https://doi.org/10.1016/j.ecolind.2009.06.
006

Edwards D, Jay M, Jensen FS, Lucas B, Marzano M, Montagné C,
Peace A, Weiss G (2012) Public preferences for structural attrib-
utes of forests: towards a pan-European perspective. For Policy
Econ 19:12-19. https://doi.org/10.1016/j.forpol.2011.07.006

Ehbrecht M, Schall P, Ammer C, Seidel D (2017) Quantifying stand
structural complexity and its relationship with forest manage-
ment, tree species diversity and microclimate. Agric For Mete-
orol 242:1-9. https://doi.org/10.1016/j.agrformet.2017.04.012

Felton A, Nilsson U, Sonesson J, Felton AM, Roberge J-M, Ranius T,
Ahlstrom M, Bergh J, Bjorkman C, Boberg J, Drossler L, Fahlvik
N, Gong P, Holmstrom E, Keskitalo ECH, Klapwijk MJ, Laudon
H, Lundmark T, Niklasson M, Nordin A, Pettersson M, Stenlid J,
Sténs A, Wallertz K (2016) Replacing monocultures with mixed-
species stands: ecosystem service implications of two production
forest alternatives in Sweden. Ambio 45:124—139. https://doi.
org/10.1007/s13280-015-0749-2

Food and Agriculture Organization of the United Nations (Ed.), (2013)
Climate change guidelines for forest managers, FAO forestry
paper. Food and Agriculture Organization of the United Nations,
Rome

Ford RM, Williams KJH, Smith EL, Bishop ID (2014) Beauty, belief,
and trust: toward a model of psychological processes in public
acceptance of forest management. Environ Behav 46:476-506.
https://doi.org/10.1177/0013916512456023

Franz F, Bachler J, Deckelmann E, Kennel E, Kennel R, Schmidt A,
Wotschikowski U (1973) Bayerische Waldinventur 1970/71.
Inventurabschnitt I: Grofrauminventur Aufnahme- und Auswer-
tungsverfahren. Forstliche Versuchsanstalt Miinchen

Gadow KV, Zhang CY, Wehenkel C, Pommerening A, Corral-Rivas
J, Korol M, Myklush S, Hui GY, Kiviste A, Zhao XH (2012)
Forest structure and diversity. In: Pukkala T, von Gadow K (eds)
Continuous cover forestry, managing forest ecosystems. Springer,
Netherlands, Dordrecht, pp 29-83

Gao T, Hedblom M, Emilsson T, Nielsen AB (2014) The role of for-
est stand structure as biodiversity indicator. For Ecol Manag
330:82-93. https://doi.org/10.1016/j.foreco.2014.07.007

Graham RT, McCaffrey S, Jain TB (2004) Science basis for changing
forest structure to modify wildfire behavior and severity 53

Gundersen VS, Frivold LH (2008) Public preferences for forest struc-
tures: a review of quantitative surveys from Finland, Norway and
Sweden. Urban For Urban Green 7:241-258. https://doi.org/10.
1016/j.ufug.2008.05.001

Haines-Young R, Potschin-Young M (2018) Revision of the common
international classification for ecosystem services (CICES V5.
1): a policy brief. One Ecosyst 3:¢27108

Hansen AJ, Spies TA, Swanson FJ, Ohmann JL (1991) Conserving
biodiversity in managed forests. Bioscience 41:382-392. https://
doi.org/10.2307/1311745

Hegetschweiler KT, Plum C, Fischer C, Brindli U-B, Ginzler C, Hun-
ziker M (2017) Towards a comprehensive social and natural
scientific forest-recreation monitoring instrument—a prototypi-
cal approach. Landsc Urban Plan 167:84-97. https://doi.org/10.
1016/j.1andurbplan.2017.06.002

Hein S, Kohnle U, Michiels H-G (2008) Waldbauliche Hand-
lungsmoglichkeiten angesichts Klimawandel [WWW Docu-
ment]. Waldwissen. URL https://www.waldwissen.net/wald/
klima/wandel_co2/fva_klima_waldbauliches_handeln/index_
DE Accessed from 14 Aug 2019

Hernandez-Morcillo M, Plieninger T, Bieling C (2013) An empiri-
cal review of cultural ecosystem service indicators. Ecol Indic
29:434-444. https://doi.org/10.1016/j.ecolind.2013.01.013

Hobbs RJ (2016) Degraded or just different? Perceptions and value
judgements in restoration decisions: degraded or just different?
Restor Ecol 24:153—-158. https://doi.org/10.1111/rec.12336


https://doi.org/10.3390/f6051666
https://doi.org/10.3390/f6051666
https://doi.org/10.1016/j.ecolind.2017.04.025
https://doi.org/10.1016/j.ecolind.2017.04.025
https://doi.org/10.1126/science.1251554
https://doi.org/10.1093/wjaf/22.1.42
https://doi.org/10.1093/forestry/75.1.25
https://doi.org/10.1093/forestry/75.1.25
https://doi.org/10.1016/j.landurbplan.2017.06.001
https://doi.org/10.1016/j.landurbplan.2017.06.001
https://doi.org/10.1016/j.landurbplan.2014.02.006
https://doi.org/10.1016/j.landurbplan.2014.02.006
https://doi.org/10.1007/s10342-017-1056-1
https://doi.org/10.1007/s10342-017-1056-1
https://doi.org/10.1016/j.ecolind.2009.06.006
https://doi.org/10.1016/j.ecolind.2009.06.006
https://doi.org/10.1016/j.forpol.2011.07.006
https://doi.org/10.1016/j.agrformet.2017.04.012
https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1177/0013916512456023
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.1016/j.ufug.2008.05.001
https://doi.org/10.1016/j.ufug.2008.05.001
https://doi.org/10.2307/1311745
https://doi.org/10.2307/1311745
https://doi.org/10.1016/j.landurbplan.2017.06.002
https://doi.org/10.1016/j.landurbplan.2017.06.002
https://www.waldwissen.net/wald/klima/wandel_co2/fva_klima_waldbauliches_handeln/index_DE
https://www.waldwissen.net/wald/klima/wandel_co2/fva_klima_waldbauliches_handeln/index_DE
https://www.waldwissen.net/wald/klima/wandel_co2/fva_klima_waldbauliches_handeln/index_DE
https://doi.org/10.1016/j.ecolind.2013.01.013
https://doi.org/10.1111/rec.12336

European Journal of Forest Research

Holgén P, Mattsson L, Li C-Z (2000) Recreation values of boreal forest
stand types and landscapes resulting from different silvicultural
systems: an economic analysis. J Environ Manag 60:173—180.
https://doi.org/10.1006/jema.2000.0377

Hull RB, Buhyoff GJ (1986) The scenic beauty temporal distribution
method: an attempt to make scenic beauty assessments compat-
ible with forest planning efforts. For Sci 32:271-286. https://doi.
org/10.1093/forestscience/32.2.271

Hull RB, Robertson DP, Kendra A (2001) Public understandings of
nature: a case study of local knowledge about “Natural” for-
est conditions. Soc Nat Resour 14:325-340. https://doi.org/10.
1080/08941920151080273

Kahn M (1995) Die Fuzzy Logik basierte Modellierung von Durch-
forstungseingriffen (Modelling thinning regimes with a fuzzy
logic controller). Allg For Und Jagdztg 166(9/10):169-176

Kaulfu3 S (2011) Waldbauliche Maflnahmen zur Waldbrandvor-
beugung [WWW Document]. Waldwissen. URL https://www.
waldwissen.net/waldwirtschaft/schaden/brand/fva_waldbrand_
wb4/index_DE Accessed from 14 Jan 2020

Kaulfull S (2012) Wie senke ich das Sturmrisiko meines Waldes?
[WWW Document]. Waldwissen. URL https://www.waldw
issen.net/waldwirtschaft/schaden/sturm_schnee_eis/fva_sturm
risiko/index_DE Accessed from 14 Aug 2019

Kindler E (2016) A comparison of the concepts: ecosystem services
and forest functions to improve interdisciplinary exchange. For
Policy Econ 67(2016):52-59

Kivinen V-P, Uusitalo J (2002) applying fuzzy logic to tree bucking
control. For Sci 48(4):673-684

Kohler P, Reinhard K, Huth A (2002) Simulating anthropogenic
impacts to bird communities in tropical rain forests. Biol
Conserv 108:35-47. https://doi.org/10.1016/S0006-3207(02)
00088-5

Kohsaka R, Flitner M (2004) Exploring forest aesthetics using forestry
photo contests: case studies examining Japanese and German
public preferences. For Policy Econ 6:289-299. https://doi.org/
10.1016/j.forpol.2004.03.016

Kosmala M, Wiggins A, Swanson A, Simmons B (2016) Assessing
data quality in citizen science. Front Ecol Environ 14:551-560.
https://doi.org/10.1002/fee.1436

Krohn W (2017) Interdisciplinary cases and disciplinary knowledge.
Oxf Handb Interdiscip. https://doi.org/10.1093/oxfordhb/97801
98733522.013.5

Lamonaca A, Corona P, Barbati A (2008) Exploring forest struc-
tural complexity by multi-scale segmentation of VHR imagery.
Remote Sens Environ 112:2839-2849. https://doi.org/10.1016/j.
rse.2008.01.017

Lassauce A, Paillet Y, Jactel H, Bouget C (2011) Deadwood as a
surrogate for forest biodiversity: Meta-analysis of correlations
between deadwood volume and species richness of saproxylic
organisms

Latham PA, Zuuring HR, Coble DW (1998) A method for quantifying
vertical forest structure. For Ecol Manag 104:157-170. https://
doi.org/10.1016/S0378-1127(97)00254-5

Lexer MJ, Honninger K, Vacik H (2000) Modelling the effect of forest
site conditions on the ecophysiological suitability of tree species.
Comput Electron Agric 27(1-3):393-399

Li X, Boyle KJ, Holmes TP, LaRouche GP (2014) The effect of on-site
forest experience on stated preferences for low-impact timber
harvesting programs. J For Econ 20:348-362. https://doi.org/10.
1016/j.jfe.2014.09.005

Lindenmayer DB, Laurance WF, Franklin JF (2012) Global decline in
large old trees. Science 338:1305-1306. https://doi.org/10.1126/
science.1231070

Mace GM, Norris K, Fitter AH (2012) Biodiversity and ecosystem
services: a multilayered relationship. Trends Ecol Evol 27:19-26.
https://doi.org/10.1016/j.tree.2011.08.006

Maes J, Paracchini ML, Zulian G, Dunbar MB, Alkemade R (2012)
Synergies and trade-offs between ecosystem service supply, bio-
diversity, and habitat conservation status in Europe. Biol Conserv
155:1-12. https://doi.org/10.1016/j.biocon.2012.06.016

Maltamo M, Packalén P, Yu X, Eerikdinen K, Hyyppa J, Pitkénen J
(2005) Identifying and quantifying structural characteristics of
heterogeneous boreal forests using laser scanner data. For Ecol
Manag 216:41-50. https://doi.org/10.1016/j.foreco.2005.05.034

Mason WL, Lof M, Pach M, Spathelf P (2018) The development of
silvicultural guidelines for creating mixed forests. Dynamics
Silviculture and Management of Mixed Forests. Springer, New
York, pp 255-270

McBride MF, Burgman MA (2012) What Is expert knowledge, how is
such knowledge gathered, and how do we use it to address ques-
tions in landscape ecology? In: Perera AH, Drew CA, Johnson CJ
(eds) Expert knowledge and its application in landscape ecology.
Springer, New York, NY, pp 11-38

McElhinny C, Gibbons P, Brack C, Bauhus J (2005) Forest and wood-
land stand structural complexity: its definition and measurement.
For Ecol Manag 218:1-24

MCPEE (1993) RESOLUTION H1: general guidelines for the sustain-
able management of forests in Europe. In: Proceedings of the 2nd
Ministerial Conference on the Protection of Forests in Europe,
Helsinki, Finland, 16—17 June 1993. p. 5

Meyer D, Hornik K (2009) Generalized and customizable sets in R. J
Stat Softw. https://doi.org/10.18637/jss.v031.102

Meyer MA, Rathmann J, Schulz C (2019) Spatially-explicit mapping
of forest benefits and analysis of motivations for everyday-life’s
visitors on forest pathways in urban and rural contexts. Landsc
Urban Plan 185:83-95. https://doi.org/10.1016/j.landurbplan.
2019.01.007

Meyer MA, Schulz C (2017) Do ecosystem services provide an added
value compared to existing forest planning approaches in Central
Europe? Ecol Soc 22

Milcu A, Hanspach J, Abson D, Fischer J (2013) Cultural ecosystem
services: a literature review and prospects for future research.
Ecol Soc. https://doi.org/10.5751/ES-05790-180344

Millenium Ecosystem Assessment (2005) Ecosystems and human well
being: synthesis. Island Press, Washington DC

Miiller J, Biitler R (2010) A review of habitat thresholds for dead
wood: a baseline for management recommendations in Euro-
pean forests. Eur J For Res 129:981-992. https://doi.org/10.1007/
$10342-010-0400-5

Nordh H, Hagerhall CM, Holmqvist K (2013) Tracking restorative
components: patterns in eye movements as a consequence of a
restorative rating task. Landsc Res 38:101-116. https://doi.org/
10.1080/01426397.2012.691468

Nowak DJ, Hoehn RE, Bodine AR, Greenfield EJ, O’Neil-Dunne J
(2016) Urban forest structure, ecosystem services and change in
Syracuse. NY Urban Ecosyst 19:1455-1477. https://doi.org/10.
1007/s11252-013-0326-z

NZ Forest Owners Association (2008) Forest fire risk management
guidelines. NZ Forest Owners Association, Wellington

Paletto A, Guerrini S, De Meo I (2017) Exploring visitors’ perceptions
of silvicultural treatments to increase the destination attractive-
ness of peri-urban forests: a case study in Tuscany Region (Italy).
Urban For Urban Green 27:314-323. https://doi.org/10.1016/j.
ufug.2017.06.020

Parsons R (1991) The potential influences of environmental perception
on human health. J Environ Psychol 11:1-23. https://doi.org/10.
1016/50272-4944(05)80002-7

Pelyukh O, Paletto A, Zahvoyska L (2019) People’s attitudes towards
deadwood in forest: evidence from the Ukrainian Carpathians.
J For Sci 65:171-182. https://doi.org/10.17221/144/2018-JFS

Pistorius T, Schaich H, Winkel G, Plieninger T, Bieling C, Konold W,
Volz K-R (2012) Lessons for REDDplus: a comparative analysis

@ Springer


https://doi.org/10.1006/jema.2000.0377
https://doi.org/10.1093/forestscience/32.2.271
https://doi.org/10.1093/forestscience/32.2.271
https://doi.org/10.1080/08941920151080273
https://doi.org/10.1080/08941920151080273
https://www.waldwissen.net/waldwirtschaft/schaden/brand/fva_waldbrand_wb4/index_DE
https://www.waldwissen.net/waldwirtschaft/schaden/brand/fva_waldbrand_wb4/index_DE
https://www.waldwissen.net/waldwirtschaft/schaden/brand/fva_waldbrand_wb4/index_DE
https://www.waldwissen.net/waldwirtschaft/schaden/sturm_schnee_eis/fva_sturmrisiko/index_DE
https://www.waldwissen.net/waldwirtschaft/schaden/sturm_schnee_eis/fva_sturmrisiko/index_DE
https://www.waldwissen.net/waldwirtschaft/schaden/sturm_schnee_eis/fva_sturmrisiko/index_DE
https://doi.org/10.1016/S0006-3207(02)00088-5
https://doi.org/10.1016/S0006-3207(02)00088-5
https://doi.org/10.1016/j.forpol.2004.03.016
https://doi.org/10.1016/j.forpol.2004.03.016
https://doi.org/10.1002/fee.1436
https://doi.org/10.1093/oxfordhb/9780198733522.013.5
https://doi.org/10.1093/oxfordhb/9780198733522.013.5
https://doi.org/10.1016/j.rse.2008.01.017
https://doi.org/10.1016/j.rse.2008.01.017
https://doi.org/10.1016/S0378-1127(97)00254-5
https://doi.org/10.1016/S0378-1127(97)00254-5
https://doi.org/10.1016/j.jfe.2014.09.005
https://doi.org/10.1016/j.jfe.2014.09.005
https://doi.org/10.1126/science.1231070
https://doi.org/10.1126/science.1231070
https://doi.org/10.1016/j.tree.2011.08.006
https://doi.org/10.1016/j.biocon.2012.06.016
https://doi.org/10.1016/j.foreco.2005.05.034
https://doi.org/10.18637/jss.v031.i02
https://doi.org/10.1016/j.landurbplan.2019.01.007
https://doi.org/10.1016/j.landurbplan.2019.01.007
https://doi.org/10.5751/ES-05790-180344
https://doi.org/10.1007/s10342-010-0400-5
https://doi.org/10.1007/s10342-010-0400-5
https://doi.org/10.1080/01426397.2012.691468
https://doi.org/10.1080/01426397.2012.691468
https://doi.org/10.1007/s11252-013-0326-z
https://doi.org/10.1007/s11252-013-0326-z
https://doi.org/10.1016/j.ufug.2017.06.020
https://doi.org/10.1016/j.ufug.2017.06.020
https://doi.org/10.1016/S0272-4944(05)80002-7
https://doi.org/10.1016/S0272-4944(05)80002-7
https://doi.org/10.17221/144/2018-JFS

European Journal of Forest Research

of the German discourse on forest functions and global ecosys-
tem services debate. For Policy Econ 18(2012):4-12

Prato T (2009) Adaptive management of natural systems using fuzzy
logic. Environ Model Softw 24:940-944. https://doi.org/10.
1016/j.envsoft.2009.01.007

Pretzsch H (2005) Diversity and productivity in forests: evidence from
long-term experimental plots. In: Scherer-Lorenzen M, Koérner
C, Schulze E-D (eds) Forest diversity and function: temperate
and boreal systems, ecological studies. Springer, Berlin Heidel-
berg, Berlin, Heidelberg, pp 41-64

Pretzsch H (2010) Forest dynamics, growth and yield: from measure-
ment to model, 2010th edn. Springer, Berlin

Pretzsch H, Puumalainen J (2002) Up- and downscaling: EU/ICP Level
I and II. In: Puumalainen J, Kennedy P, Folving S (eds) Forest
biodiversity - assessment approaches for Europe. European Com-
mission Joint Research Centre, Itally, pp 50-61

Pretzsch H, Biber P, Dursk)’/ J (2002) The single tree-based stand
simulator SILVA: construction, application and evaluation. For
Ecol Manag 162:3-21. https://doi.org/10.1016/S0378-1127(02)
00047-6

Pretzsch H, Grote R, Reineking B, Rotzer Th, Seifert St (2008) Models
for forest ecosystem management: a European perspective. Ann
Bot 101:1065—1087. https://doi.org/10.1093/a0b/mcm?246

Pretzsch H, Biber P, von Gadow K (2015) Ernst Assmann: a Ger-
man pioneer in forest production ecology and quantitative sil-
viculture. Eur J For Res 134:391-402. https://doi.org/10.1007/
s10342-015-0872-4

Primmer E, Furman E (2012) Operationalising ecosystem service
approaches for governance: do measuring, mapping and valu-
ing integrate sector-specific knowledge systems? Ecosyst Serv
1:85-92. https://doi.org/10.1016/j.ecoser.2012.07.008

R Core Team (2019) R:aA language and environment for statistical
computing. Vienna, Austria

Rathmann J, Sacher P, Volkmann N, Mayer M (2020) Using the visitor-
employed photography method to analyse deadwood perceptions
of forest visitors: a case study from Bavarian Forest National
Park, Germany. Eur J For Res 139:431-442. https://doi.org/10.
1007/510342-020-01260-0

Reynolds KM, Hessburg PF (2014) An overview of the ecosystem
management decision-support system. In: Reynolds KM, Hess-
burg PF, Bourgeron PS (eds) Making transparent environmen-
tal management decisions: applications of the ecosystem man-
agement decision support system, environmental science and
engineering. Springer, Berlin, Heidelberg, pp 3-22

Reynolds KM (2001) Fuzzy logic knowledge bases in integrated land-
scape assessment: examples and possibilities. U.S. Department
of Agriculture, Forest Service, Pacific Northwest Research
Station

Ribe RG (1989) The aesthetics of forestry: what has empirical prefer-
ence research taught us? Environ Manag 13:55-74. https://doi.
org/10.1007/BF01867587

Riiger N, Schliiter M, Matthies M (2004) A fuzzy habitat suitability
index for Populus euphratica in the Northern Amudarya delta
(Uzbekistan). Ecol Model 184(2-4):313-328

Rupf H (1961) Wald und Mensch im Geschehen der Gegenwart. Allg
Forstz Wald 16:545-546

Savolainen R, Kelloméki S (1981) Scenic value of forest landscape.
Acta For Fenn 170:1-75

Scherer-Lorenzen M, Korner CH, Schulze ED (2005) the functional
significance of forest diversity: a synthesis. In: Scherer-Lorenzen
M, Koérner C, Schulze E-D (eds) Forest diversity and function:

@ Springer

temperate and boreal systems, ecological studies. Springer, Ber-
lin, Heidelberg, pp 377-389

Schréter D, Cramer W, Leemans R, Prentice IC, Araijo MB, Arnell
NW, Bondeau A, Bugmann H, Carter TR, Gracia CA, de la
Vega-Leinert AC, Erhard M, Ewert F, Glendining M, House JI,
Kankaanpid S, Klein RJT, Lavorel S, Lindner M, Metzger MJ,
Meyer J, Mitchell TD, Reginster I, Rounsevell M, Sabaté S, Sitch
S, Smith B, Smith J, Smith P, Sykes MT, Thonicke K, Thuiller
W, Tuck G, Zaehle S, Zierl B (2005) Ecosystem service supply
and vulnerability to global change in europe. Science 310:1333—
1337. https://doi.org/10.1126/science. 1115233

Schuler LJ, Bugmann H, Snell RS (2017) From monocultures to mixed-
species forests: is tree diversity key for providing ecosystem ser-
vices at the landscape scale? Landsc Ecol 32:1499—1516. https:/
doi.org/10.1007/s10980-016-0422-6

Schwaiger F, Poschenrieder W, Biber P, Pretzsch H (2019) Ecosystem
service trade-offs for adaptive forest management. Ecosyst Serv
39:100993. https://doi.org/10.1016/j.ecoser.2019.100993

Shannon CE (1948) The mathematical theory of communication. In:
Shannon CE, Weaver W (eds) The Mathematical Theory of Com-
munication. University of Illinois Press, Urbana, pp 3-91

Silvertown J (2009) A new dawn for citizen science - ScienceDirect.
Trends Ecol Evol 24:467—471

Skar M (2010) Forest dear and forest fear: Dwellers’ relationships to
their neighbourhood forest. Landsc Urban Plan 98:110-116.
https://doi.org/10.1016/j.1andurbplan.2010.07.017

Stadelmann G, Bugmann H, Wermelinger B, Bigler C (2014) Spatial
interactions between storm damage and subsequent infestations
by the European spruce bark beetle. For Ecol Manag 318:167—
174. https://doi.org/10.1016/j.foreco.2014.01.022

Stolb W (2005) Waldisthetik. Uber Forstwirtsch. Naturschutz Men-
schenseele Verl. Kessel Remag.-Oberwinter 400

Tiemann A, Ring I (2018) Challenges and opportunities of aligning
forest function mapping and the ecosystem service concept in
Germany. Forests 9:691. https://doi.org/10.3390/f9110691

Tierney GL, Faber-Langendoen D, Mitchell BR, Shriver WG, Gibbs
JP (2009) Monitoring and evaluating the ecological integrity of
forest ecosystems. Front Ecol Environ 7:308-316. https://doi.
org/10.1890/070176

Trigger D, Mulcock J (2005) Forests as spiritually significant places:
nature, culture and “Belonging* in Australia. Aust J Anthropol
16:306-320. https://doi.org/10.1111/j.1835-9310.2005.tb00313.x

Vila M, Vayreda J, Comas L, Ibaiez JJ, Mata T, Obon B (2007) Species
richness and wood production: a positive association in Mediter-
ranean forests. Ecol Lett 10:241-250. https://doi.org/10.1111/j.
1461-0248.2007.01016.x

Wermelinger B (2004) Ecology and management of the spruce bark
beetle Ips typographus—a review of recent research. For Ecol
Manag 202:67-82. https://doi.org/10.1016/j.foreco.2004.07.018

Winter S (2012) Forest naturalness assessment as a component of bio-
diversity monitoring and conservation management. For IntJ For
Res 85:293-304. https://doi.org/10.1093/forestry/cps004

Winter S, Fischer HS, Fischer A (2010) Relative quantitative reference
approach for naturalness assessments of forests. For Ecol Manag
259:1624-1632

Zadeh LA (1965) Fuzzy sets. Inf Control 8:338-353. https://doi.org/
10.1016/S0019-9958(65)90241-X

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.envsoft.2009.01.007
https://doi.org/10.1016/j.envsoft.2009.01.007
https://doi.org/10.1016/S0378-1127(02)00047-6
https://doi.org/10.1016/S0378-1127(02)00047-6
https://doi.org/10.1093/aob/mcm246
https://doi.org/10.1007/s10342-015-0872-4
https://doi.org/10.1007/s10342-015-0872-4
https://doi.org/10.1016/j.ecoser.2012.07.008
https://doi.org/10.1007/s10342-020-01260-0
https://doi.org/10.1007/s10342-020-01260-0
https://doi.org/10.1007/BF01867587
https://doi.org/10.1007/BF01867587
https://doi.org/10.1126/science.1115233
https://doi.org/10.1007/s10980-016-0422-6
https://doi.org/10.1007/s10980-016-0422-6
https://doi.org/10.1016/j.ecoser.2019.100993
https://doi.org/10.1016/j.landurbplan.2010.07.017
https://doi.org/10.1016/j.foreco.2014.01.022
https://doi.org/10.3390/f9110691
https://doi.org/10.1890/070176
https://doi.org/10.1890/070176
https://doi.org/10.1111/j.1835-9310.2005.tb00313.x
https://doi.org/10.1111/j.1461-0248.2007.01016.x
https://doi.org/10.1111/j.1461-0248.2007.01016.x
https://doi.org/10.1016/j.foreco.2004.07.018
https://doi.org/10.1093/forestry/cps004
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.1016/S0019-9958(65)90241-X

	A fuzzy logic-based approach for evaluating forest ecosystem service provision and biodiversity applied to a case study landscape in Southern Germany
	Abstract
	Introduction
	Forest ecosystem services and biodiversity: gap between information demand and supply
	Fuzzy logic as an evaluation approach for ecosystem service provision
	Goals of this study

	Material and methods
	Forest management scenarios in the case study area Augsburg Western Forests
	Standard output variables
	Fuzzy logic evaluation of balanced wood production
	Fuzzy logic evaluation of biodiversity
	Fuzzy logic assessment of storm and bark beetle damage resistance
	Fuzzy logic evaluation of the recreational value
	Evaluating the assessments of ecosystem service provision

	Results
	Simulated input variables for the fuzzy evaluation
	Ecosystem service provision - fuzzy logic evaluation
	Result synopsis

	Discussion
	Generating knowledge by interdisciplinary integration
	Making tradeoffs and synergies accessible
	Transparency
	Participation and citizen science
	Limits and perspectives
	Conclusions
	Dedication
	Acknowledgements 
	References




