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ABSTRACT

Ecosystem services represent a significant contribution that forest enterprises make to human well-being.
However, the extent to which these services are recognized by society and politics varies considerably. On the
one hand, political attention has so far been limited to a narrow range of ecosystem services, such as carbon
sequestration and biodiversity. On the other hand, there is a lack of data availability, especially at the forest
operational level, which impedes a comprehensive representation of ecosystem services. This is of particular
relevance, as every operational decision has a direct impact on ecosystems and their associated services. To
address this gap, politically relevant ecosystem services were first identified. Subsequently, a scoping review was
conducted to determine applicable indicators for their representation. For these indicators to be integrated in an
existing Forest Accountancy Network, they had to meet specific criteria. These criteria were evaluated through
two separate surveys assessing the feasibility and suitability of these indicators at the forest operational level.
Feasibility was examined through a survey of forest enterprises, whereas suitability was evaluated by a dedicated
survey of ecosystem service experts. The results provide a set of applicable indicators that allow for represen-
tation of specific ecosystem groups at the forest operational level. In doing so, this research lays the foundation
for a more transparent and precise evaluation of forest enterprise performance, thereby enhancing comparability
among forest enterprises and offering policymakers and society a clearer understanding of the multifunctional

contributions made by forest enterprises.

1. Introduction: Background and Goals

The basis for valid and well-founded decisions are adequate and
sound information about the current status quo. Monitoring systems are
used to obtain information about the status quo for these decisions
(Burdekin et al., 2001). For the economic situation of forest enterprises,
a Forest Accountancy Network (FAN) is a possible monitoring system
that can provide the needed information. Decision-making in multi-
functional forestry is not only based on monetary information but also
on the provision of ecosystem services (ES) (Prins et al., 2023).
Following the Millennium Ecosystem Assessment (MEA) ES are the
benefits that society derives from ecosystems (MEA, 2005). Subsequent
frameworks, such as the Common International Classification of
Ecosystem Services (CICES) or The Economics of Ecosystems and
Biodiversity (TEEB), have taken up this concept and further elaborated it
from their perspectives (TEEB, 2010; Haines-Young and Potschin,
2018). In order to assess ES, they must be recorded. A monitoring system
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such as a FAN could provide comprehensive information on the provi-
sion of ES. However, current FANs usually only quantify monetary
value; the non-market, public-good-oriented services provided by forest
enterprises, such as ES, are not accounted in most cases.

The European countries Austria, Denmark, Finland, France, Ger-
many, Netherlands, Norway, Slovakia, and Switzerland have imple-
mented some kind of FAN. These systems share the common aim of
collecting (socio-) economic data on forest enterprises to map forestry
performance, especially wood supply and operational structures
(Burdekin et al., 2001). Wood supply has been constantly measured over
years because there has been a trading market. Therefore, this ES can be
easily quantified in monetary terms through costs and revenues. Other
ES, like water retention and purification, biodiversity, or recreation, are
hardly considered in FANs, because they are usually not valued in
monetary terms. Most of them are nonmarket (public) goods, which are
characterized by the partial or complete absence of two attributes:
consumer (beneficiaries) rivalry and the excludability of market

Received 3 July 2025; Received in revised form 6 February 2026; Accepted 9 February 2026
1470-160X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:niclas.mueller@thuenen.de
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2026.114701
https://doi.org/10.1016/j.ecolind.2026.114701
http://creativecommons.org/licenses/by/4.0/

N. Miiller et al.

participants (Bergen et al., 2013; Elsasser et al., 2020). Hence, no
(market) price can be formed for these ES, but they must be demon-
strable so their performance, including economic terms, can be
considered.

The provision of ES is closely linked to forest management. Their
promotion is usually tied to a renunciation of utilization or restrictions
on forest management activities, and should also be taken into account
(Prins et al., 2023). This results in reduced revenues or increased
operational costs, which are usually not offset by direct income, without
reflecting the actual value of the ES provided (Bergen et al., 2013). This
limits the comparability of forest enterprises — who differ in the extent to
which they provide and promote ES - and results in an incomplete
assessment of their contribution to the forest sector at the macroeco-
nomic level (Schwaiger et al., 2015).

To present other ES than wood provision, Germany, the Netherlands,
Switzerland, and Finland collect more information in their FANs. Ger-
many and Switzerland collect revenues and expenditures of the forest
protective and recreational function (BMEL, 2024; Biirgi et al., 2024).
The recreational function is also recorded in value terms in the
Netherlands (Woltjer et al., 2024). However, the recorded values raised
in these countries represent only the financial transactions and do not
capture the full value of the recreational function (BMEL, 2024; Biirgi
et al., 2024). Finland is the only country that includes information on
biodiversity and water protection in its reporting beyond purely mon-
etary value (LUKE, 2025). The Finnish FAN shows indicators that
describe biodiversity and the quality of water protection in non-
industrial, private forests. Additional biodiversity data in the Finnish
FAN are derived from the METSO project’.

Examples of biodiversity monitoring programs at the European level
are Federal Forest Inventories (e.g., Germany, Finland), the MOBI-e
(Austria)®, and various monitoring programmes in Switzerland (such
as BDM-CH)°. These programs provide an overview of the current state
of biodiversity and other ES in the respective country. However, their
main limitation becomes apparent here: the study areas are typically not
aligned with forest enterprise boundaries. Most indicators in the field of
biodiversity or ES in general relate to a local or regional level, according
to the study by Feld et al. (2009). Many (especially biotic) indicators also
refer to a small-scale level (patch-scale) and act as the basis for
extrapolation or as proxies (Plummer, 2009). In this context, homoge-
neity of the entire area to be extrapolated is assumed (Feld et al., 2009).
But ES are neither homogeneous nor static over larger areas (Fisher
etal., 2009). Indicators should have a clear spatial reference and refer to
process-related (landscape)units. Forest enterprises are process-oriented
and heterogeneous entities often consisting of a diverse mosaic of land
“patches”, which require a multitude of distinct proxies to represent
them. This complicates the visualization of ES at the operational level,
which is exacerbated by the current lack of explicit forest enterprise-
specific indicators. Yet it is precisely the operational level that bears
responsibility for the protection, conservation, and development of ES.
Every operational decision has a direct impact on the forest ecosystem
and the service it provides (Latruffe et al., 2016).

The need to visualize ES provided by forest enterprises is under-
scored by growing political interest in recent years as reflected in the
(inter)national strategies such as biodiversity or forest strategies
(Schmithiisen, 2007; Moser and Zimmermann, 2011; Maes et al., 2016;
Posner et al., 2016). In Germany, initial approaches have also been
developed to make ES visible at different spatial levels (Elsasser et al.,
2020; Knoke et al.,, 2021; Hermes et al., 2023). Comparable de-
velopments in agriculture led to the FLINT project, which explored farm-
level indicators in response to emerging sustainability policy demands
(Poppe et al., 2016). The German FAN is characterized by an accounting
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framework that has remained constant over the last 20 years. The
framework is structured into five product areas: three of them address
the monetary valuation of timber production, protection, and recreation
services, thereby defining forest enterprises in the narrower sense
(Miiller et al., 2024). The remaining two focus on services provided by
forest enterprises to third parties, as well as on sovereign responsibilities
carried out by state-owned enterprises. Expanding the FAN to include
indicators that capture the actual performance of ES would substantially
enhance its information value and provide stronger data foundation for
benchmarking, research, and policy making (Miiller et al., 2024). The
key figures within the FAN are voluntarily and largely free of charge
provided by the private, corporate, or state-owned forest enterprises
managing operations larger than 200 hectares (Miiller et al., 2024). For
this reason, certain requirements are placed on new key figures: the
effort and scope for the forest enterprises must be kept as low as possible
(parsimony), so that enterprises continue to participate in the FAN.
Furthermore, the forest enterprises must be able to collect the key fig-
ures (feasibility) and the figures must provide reliable information about
the entire forest enterprise (suitability).

This study aims to identify indicators that allow politically relevant
ES to be addressed at the operational level and integrated into the
German FAN. To achieve this, the paper explores three key research
questions:

e Which forest-related ecosystem services are politically relevant in
Germany?

e What indicators can be used to map these forest-related ecosystem
services?

e Which identified indicators have the potential to be integrated into
the German FAN?

2. Methods

The paper is structured in three parts: first, ES were identified
through a document analysis of forest-policy relevant strategies. The fact
that ES are included in these studies indicates that they hold (societal)
relevance. For the extension of the FAN, we aim to recommend only
those ES considered relevant. Second, a scoping review was carried out
on possible indicators to represent the identified ES. Third, a two-part
survey was conducted to evaluate the indicators in terms of their
feasibility and suitability.

2.1. Identification of politically relevant forest-related ecosystem services

To identify the politically relevant forest-related ES in Germany, the
current political strategies and regulations of Germany, the European
Union (EU), and the United Nations (UN) from the past 15 years were
analyzed (table 1). The national (4) and EU level (5) strategies are not
binding but reflect the current political priorities. Decisions of the
United Nations (2) were also considered. Although ES have received
considerable scientific attention, there is still no consensus on their
precise definition or terminology (Saarikoski et al., 2015; Danley and
Widmark, 2016; Costanza et al., 2017; Hermelingmeier and Nicholas,
2017; La Notte et al., 2017; Ferraro et al., 2025). As a result, ES some-
times appeared under different terminological variants or descriptions.
These were identified and harmonized by comparing their content and
functional meaning (Shvidenko et al., 2005; De Groot, 2006; Burkhard
et al., 2009; De Groot et al., 2009; Elmqvist et al., 2010). For example,
the terms ‘water purification’ and ‘water filtration’, which refer to
closely related processes, were unified under the common term ‘water
purification’. This approach enables the establishment of a consolidated
list of ES for this paper, based on consistent terminology.

To adapt the identified and standardized ES to the framework of the
German FAN and based on considerations in the literature (Boyd and
Banzhaf, 2007; Costanza, 2008; Fisher et al., 2009; Saarikoski et al.,
2015; Potschin and Haines-Young, 2016), the ES were thematically
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Table 1

Evaluated political strategies and regulations
year strategy or regulation publisher abbr. source
2011 Forest Strategy 2020 Germany FS2020 (BMELV, 2011)
2015 Paris Agreement United Nations UN.PA (UNFCCC, 2015)
2016 Climate Protection Plan 2050 Germany CPP2050 (BMUB, 2016)
2016 Transforming our World: Agenda 2030 United Nations UN.A2030 (UN General Assembly, 2015)
2019 The European Green Deal European Union EU.GD (COM, 2019)
2020 The European Biodiversity Strategy European Union EU.BS (COM, 2020b)
2021 Forest Strategy 2050 Germany FS2050 (BMEL, 2021)
2021 Common Agricultural Policy (CAP) European Union EU.CAP (COM, 2021b)
2021 European Forest Strategy 2030 European Union EU.FS2030 (COM, 2021c)
2023 CAP Strategy Plan 2023-2027 (Conclusion) Germany CAP SP23-27 (BMEL, 2023)
2024 European Climate Targets 2040 European Union EU.CT2040 (COM, 2024)

aggregated. For example, all ES describing protective functions of forests
(Iocal protective functions, no climate protection) were grouped, like
those directly to water (table 2). This grouping was primarily based on
their predominant thematic characteristics; for instance, flood protec-
tion is classified under protection services of forests rather than drinking
water supply. The idea of grouping ES can be traced back to Costanza
et al. (1997), who categorized ES based on their direct and indirect
benefits to human well-being. Over time, several alternative approaches
have emerged to classify ES based on their characteristics or overlaps
(De Groot et al., 2002; MEA, 2005; Boyd and Banzhaf, 2007; Wallace,
2007; Costanza, 2008; Fisher and Turner, 2008; Maes et al., 2016;
Haines-Young and Potschin, 2018). All of these concepts have evolved
through processes that integrated new insights and revealed existing
limitations. Some of them continue to be developed to this day (e.g.,
CICES).

All classification frameworks presented here pursue the aim of
capturing the services provided by nature and their benefits to humans
across all ecosystems and on a global scale - initially independent of
whether they are assessed monetarily or biophysically (MEA, 2005;
TEEB, 2010; Haines-Young and Potschin, 2018). The idea of these
established classification frameworks, to make ES visible, is also pursued
with the classification scheme developed in this study. The conceptual
approaches of the existing classification frameworks cannot be fully
reconciled with the considerations of this work. Each of these concepts
were developed in a specific context, is based on its own theoretical
foundation, and is tailored to a particular field of application (Forest
Europe, 2016; Haines-Young, 2023). The aim of the classification
schemes included in these frameworks is to develop a standardized and
universally applicable system. The present study follows a different
approach: it identifies ES that are derived directly from political stra-
tegies and regulations, which mostly do not orient themselves towards
established classification frameworks.

For instance, common frameworks describe the storage function of
ecosystems in relation to atmospheric deposition in general, whereas the
documents analyzed in this study explicitly report carbon sequestration,
often differentiated into storage biomass’ and storage soil. Likewise, in
the examined strategies and regulations, the categorization into groups
like provisioning or regulation and maintenance is largely absent, nor do
these documents consistently follow established frameworks. Instead,
services are combined into a societally usable added value—for
example, the combination of groundwater recharge and water purifi-
cation enables drinking water provision in the first place (e.g., table 2 —
FS2050). Political strategies also name services that are not treated as
independent ES in international classification systems, such as the
fundamental conditions required for wood provision: wood increment
and wood stock.

These context-dependent differences complicate the harmonization
of the ES extracted here with existing classification frameworks (Forest
Europe, 2016; Haines-Young, 2023). For this reason, the groups devel-
oped in this study were deliberately adapted to the specific context of
the analyzed political strategies and regulations. The group's focus

exclusively on services of forest ecosystems as provided or supported by
forest enterprises and as formulated in political documents. The ES
groups presented here are therefore, in some cases, more broadly
defined than in existing classification frameworks. Furthermore, some
services were included that are recognized as such in Germany but not
necessarily at an international level — for example, providing work-
places or burial forests.

The aim of this work was not to develop an entirely new classifica-
tion. Rather, it seeks to present the services provided or supported by
forest enterprises in a transparent and comprehensible way for all sec-
tors of society. Therefore, a thematically structured classification for
forest-related ES in Germany was developed (table 2). For the identified
ES, coherent and defined groups were formed that can be referred to as
final ES in the application context. These newly established groups were
termed Forest Ecosystem Service units (FES units) and are named to the
thematic interrelations that connect the respective ES.

2.2. Identification of ecosystem service indicators

To represent the FES units introduced in Chapter 2.1., the respective
ES must first be spatially mapped as the basis for these groupings. To this
end, a scoping review of scientific literature was conducted according to
Elm et al., (2019), supplemented by an analysis of grey literature. The
scoping review was carried out from July to September 2024. The main
databases searched were Web of Science and Scopus. The search queries
used were: (1) European forest* AND ecosystem service* And indicator and
(2) Indicator* AND ecosystem services* OR ecosystem goods*. For the last
search term (2) the keywords Europe and Forest were used in combina-
tion, to obtain only results for ES specific to forests in Europe. To ensure
that no articles are excluded that relate directly to German forests,
Google Scholar, the databases of German authorities (such as UBA* or
BMEL®), and several German research institutes (such as NW-FVA® or
FAWF’) were searched for grey literature. When reviewing the data-
bases, only articles were selected whose titles apparently match the
previously identified ES.

The search resulted in 2026 articles in total. 1985 articles were found
in the database search and 41 articles in the grey literature. Duplicates
were removed and 1402 articles remained. In the title screening, all
articles that seemed irrelevant were excluded and 277 remaining articles
were included in the following abstract screening. For this purpose, the
following four criteria were taken into account: a) focus on forest-related
ES, b) focus on previously identified ES from chapter 2.1., c) focus on ES
in temperate regions/zones, and d) focus on ES in Europe. Criteria c) and
d) were selectively applied. The climate zone criterion (c) refers to in-
dicators for ES that are independent of cultural and spiritual aspects but
subject to climate conditions. The Europe criterion (d), was specifically

4 German Federal Environment Agency

5 Federal Ministry of Food and Agriculture

6 Northwest German Forest Research Institute

7 Research Institute for Forest Ecology and Forestry of Rhineland-Palatinate



Table 2

Identified ecosystem services and their associated sources (based on table 1)

FES unit definition of the FES unit ecosystem service FS2020  UN. CPP2050  UN. EU. FS2050 EU. EU. CAP EU. total
PA A2030 BS CAP FS2030 SP23- CT2040
27
timber provision
(fibre) X X X X X X X 7
wood increment X X X 3
This FES unit comprises all services growing stock X X X 3
directly related to the storage, growth, and provision of wood as a timber provision
wood provision raw material and source of energy (energy) X X X X X X X 8
food X X X X X X 7
non-timber medical resources X X X 3
forest This FES unit comprises all forest products that are not directly ornamental
products related to timber production resources X 1
biological diversity X X X X X X X X X 10
pollination X 1
nutrient regulation X X X X X 5
deadwood X X X 3
biotope areas X 1
rejuvenation X X 2
This FES unit encompasses services that support the conservation soil formation X X X X X X X 7
and development of biological diversity within forest ecosystems, genetic materials/
including processes that sustain ecosystem functions, resilience, and  biological
biodiversity regenerative capacity regulation X X X X 4
air quality
regulation X X X 3
air filter function X X X X 4
air pollution oxygen production X 1
control carbon storage
and This FES unit encompasses services that (biomass) X X X X X X X X 8
climate influence air quality and climate stability by regulating the carbon storage
regulation exchange, transformation, and storage of atmospheric substances (soil) X X X X X X X X X 9
within forest ecosystems climate regulation X X X 4
protection against
natural hazards X X X 4
noise protection X X 2
soil protection/
This FES unit comprises services that erosion regulation X X X X 4
protection contribute to the protection of ecosystems, infrastructure, and flood protection X X X X 4
services of human well-being by mitigating natural hazards and regulating control of pests and
forests environmental risks disease X 2
drinking water
supply X X X X X X 7
water purification X X X X 5
ground water
This FES unit comprises services that recharge X X 2
drinking ensure the availability, regulation, and quality of freshwater water regulation
water supply resources and reservoir X X X X X 5
culture, health
and This FES unit comprises services that support human well-being health and
recreation through cultural, spiritual, and recreational benefits. These services  recreation X X X X X 5

(continued on next page)
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introduced to take cultural and spiritual ES into account and to focus on

g o & oo e ot e < regional peculiarities in Europe. In the abstract screening 226 articles
were eliminated. The subsequent full-text screening of the remaining 51
g articles relied on the same criteria. Finally, 31 articles were included,
5 E from which the indicators used to represent the listed ES were extracted
= O (table A.1 in appendix A).
% § N 2.3. Evaluation of the usability of the indicators within the framework of
the FAN
3
5 5 Over time, several approaches have been developed for evaluating
= oo R » indicators. Most evaluation schemes include the following key aspects:
a indicators should be generally accepted by both science and practice,
25 o ow ox comprehensive yet parsimonious, and able to represent the relevant
phenomena fully within a reasonable cost-benefit ratio. They should be
§ understandable to a broad audience, sufficiently sensitive to detect
g y v v ook ok change, useful for the intended purpose, and feasible to implement by
those responsible (Doran, 1981; Harger and Meyer, 1996; Rice, 2003;
a’ 2 Lebacq et al., 2013; Schliep et al., 2014; Oudenhoven et al., 2018). We
>

assume that the indicators identified through the scoping review already
meet some of these criteria. This assumption is supported by the fact that

28  qs .. . .

| o the development and validation of such indicators typically involves
some form of assessment framework, as illustrated by the study of

= . . L

. 2 Hernandez-Morcillo et al. (2013). However, for inclusion in a FAN, the

o < * o criteria of parsimony and feasibility are particularly crucial, as they save

° effort in terms of time and (monetary) resources. The reference area of

§ the indicators varies in the literature depending on their context of

é application. For this study, it therefore needs to be standardized to the

] ol . . .

operational forest enterprise area. For these reasons, the following three

2 criteria receive special attention when evaluating the identified in-

s dicators with regard to their usability within the FAN.

S as few indicators as possible to minimize the burden on forest

IS Parsimony  enterprises and retain the FAN participants

= ] oKX forest enterprises must be able to collect new indicators or calculate

indicators from existing data (both with minimal effort) to ensure

° ] Feasibility =~ continued data provision

‘;’ E the indicators should have a high degree of representativeness for

§ j2] 85 2 ) o assessing the ES to be represented at the operational forest enterprise
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To meet the criterion of parsimony, indicators identified in the
scoping review that were closely related and shared the same reference
object were aggregated into a single main indicator. The shared refer-
ence object served as the main indicator, while the original indicators
were allocated as sub-indicators. To further enhance the efficiency of the
parsimony criterion and minimize effort, a structured selection process
was applied in the following three steps:

Step 1: For each FES unit, all associated ES were initially analyzed.
The four indicators most frequently mentioned for each FES unit were
selected, provided that at least four indicators appeared two or more
times. If fewer than four indicators met this criterion, all such indicators
were included. Also, if more than four indicators had the same fre-
quency, the selection was based on those most frequently mentioned in
the literature.

Step 2: Subsequently for each ES within the FES unit, the indicator
with the highest number of mentions in the literature was selected. This
ensured that every ES within the FES unit was taken into account. If
there was an overlap with indicators selected in Step 1, no alternative
indicator was chosen.

Step 3: Finally, matches between the selected indicators of a given
FES unit and the non-selected indicators of other FES units were
analyzed. Overlapping indicators were additionally incorporated into
the indicator set of the respective FES unit.

To evaluate the criterias feasibility and suitability two surveys were
conducted. They were carried out from February to March 2025 using
the online survey tool “Limesurvey”. When developing the

are provided free of charge and contribute to mental and physical

enrichment
economic development and knowledge generation. These benefits

This FES unit comprises services that contribute to societal/
are associated with monetary value or require investment

definition of the FES unit

and education

FES unit
economics,
science

Table 2 (continued)
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questionnaires, it was necessary to balance the level of detail and
complexity of the questions with the aim of ensuring a high willingness
to participate. An overly detailed questionnaire could have discouraged
respondents and led to non-response or early drop-out. Pre-tests were
conducted within each respondent group to prevent misunderstandings
in the wording and to ensure that the questionnaires were as compre-
hensible as possible. The surveys were conducted in German. The
questionnaires included in appendix B.2 are translations of the original
questionnaires, with the content preserved despite minor terminological
differences. These translations are intended solely to facilitate the un-
derstanding of the results presented in this article. Some terms were
revised during further editing; details are provided in the
questionnaires.

The first survey is aimed at experts in the field of ES and is intended
to assess the suitability of the previously selected indicators when their
spatial level is the forest operational level. The survey is divided into
nine thematic blocks. The first block contains questions relating to the
ES-experts and their field of knowledge. The remaining eight question
blocks are dedicated to the previously formed FES units and contain the
main indicators resulting from the selection process. A three-level Likert
scale with the categories ‘high’, ‘medium’, and ‘low’, following the
approach of Schliep et al. (2017), is used to assess the suitability of the
indicators. The scale includes the possibility of a non-response by
leaving all answer options unselected. At the end of each thematic block
was room for comments. Participants were also allowed to skip ques-
tions and respond only to those that matched their professional exper-
tise. For each main indicator, a mean was calculated by multiplying the
value assigned (1 - 3) to each response option (excluding non-response)
by the frequency of that response. The resulting products were then
summed and divided by the total number of valid responses. An adapted
traffic light system was used to illustrate: Indicators with values between
1 and 1.6 were displayed in white (weak), with values between 1.7 and
2.3 were displayed in grey (medium) and with values from 2.4 were
displayed in black (high).

The second survey is aimed at the managers or owners of private or
corporate forest enterprises and focuses on the measurability or calcu-
lability of indicators at the operational level. The survey is divided into
five thematic blocks. The first and last blocks contain general informa-
tion regarding the forest enterprise and the respondent. In the inter-
mediate blocks, the indicators were thematically organized. The sub-
indicators collectively constitute the main indicators. The measur-
ability and calculability of the indicators were evaluated using a Likert
scale. The average time necessary to provide each indicator was recor-
ded across the entire forest enterprise and used as a proxy measure for
feasibility. Indicators available through forest management plans or site
mapping were excluded from this survey, as they were assumed to be
accessible within the forest enterprises. Consequently, respondents were
also queried regarding the existence of a forest management plan or site
mapping. The analysis included all response sheets that were completed
at least one-third. The response frequencies for each answer option were
aggregated. To simplify the overview and adapt the traffic light system,
the answers ‘available in forest enterprise’ and ‘< 2 hours’ were com-
bined into the category easily feasible (black). The answers ‘~ '
working day’ and ‘~ 1 working day’ were grouped as moderately
feasible (not represented in the evaluation). Response ‘2-3 working
days’ and ‘entering own number of working days’ were categorized as
hard feasibly (grey). The answer option ‘not collectible’ was considered
equivalent to not feasibly (white). The most frequently mentioned
response option was subsequently selected as the representative value
for the indicator. Since the actual feasibility of collecting indicators at
the operational level is critical, the opinion of the forest enterprises is
essential. Using an average value would obscure the important extremes
- ‘easily feasible’ and ‘not feasible’. Therefore, all indicators are pre-
sented in the tables, and the main indicators were determined based on
the most frequent or least favorable responses.

Ecological Indicators 184 (2026) 114701

3. Results

3.1. Politically relevant forest-related ecosystem services and their FES
units

The politically relevant ES mentioned in the analyzed strategies are
listed in table 2. Although research is heavily focused on ES, there is still
disagreement among scientists about a precise definition of these ser-
vices (Saarikoski et al., 2015). In the studies analyzed, 41 ES were
identified. The most comprehensive strategies concerning ES are those
that relate directly to forests or biodiversity (e.g., FS2020, EU.BS,
FS2050, EU.FS2030). These can be found at both the national and Eu-
ropean level. The other strategies consider more or fewer ES, depending
on the scope of their forest theme (e.g., UN.PA, UN.A.2030, EU.CAP).
The most frequently mentioned ES is biodiversity (10), followed by
carbon storage soil (9), carbon storage biomass (8), energy wood (8),
and non-wood forest products (8). The least frequently mentioned ES
occur only once in all the strategies analyzed. These are ornamental
resources, pollination, biotope areas, oxygen production, heritage and
identity, as well as burial forest. The number of ES included within each
FES unit ranges from three to eight, depending on the scope of the
respective FES unit. The smallest FES unit is ‘non-timber forest prod-
ucts’. It comprises 3 ES, while the largest FES unit ‘biodiversity’ includes
8 ES. The FES unit ‘biodiversity’ holds a special position within this
framework, as biodiversity, depending on the perspective, can be un-
derstood both as the foundation of all ES and as an element affected by
them. On the one hand, biological diversity is a prerequisite for the
functioning and provision of ES (MEA, 2005). On the other hand,
biodiversity itself is influenced to varying degrees by different ES (UN
General Assembly, 1992). In this article, biodiversity was particularly
assigned the services in the field of biological diversity and nutrient
supply. Because defining the term biodiversity is challenging, some
strategies referred solely to this term, leading to its inclusion as a
separate ES (biological diversity).

3.2. Identified indicators and their evaluation

The scoping review identified 235 main indicators for all FES units,
without eliminating potential duplicates across different ES or FES units
— meaning that identical indicators assigned to multiple ES or FES units
were counted repeatedly. The complete list of main indicators, sub-
indicators, sources, and associated ES can be found in appendix B.1.
The number of indicators and their frequency of mention in the litera-
ture vary across FES units: some contain few but frequently cited in-
dicators (e.g., ‘wood provision’), whereas other encompass a wide range
of indicators that are rarely referenced.

Following the selection process described in chapter 2.3., 59 main
indicators and 87 sub-indicators remained —. The most main indicators
were found for the FES unit ‘biodiversity’ (12) and the fewest for ‘non-
timber forest products’ (3). On the one hand, the number of selected
indicators per FES unit varies because not all FES units had at least four
indicators that were mentioned more than once. On the other hand, the
selection process (step2) inherently leads to FES units encompassing a
larger number of ES being associated with a greater number of in-
dicators. In some cases, the identified literature of the scoping review
represents only a secondary source of the indicators; original primary
sources were not further considered, only indicators from the analyzed
literature were adopted. Two indicators were modified for further use,
resulting in minor deviations from the scoping review results in ap-
pendix B.1. For example, the main indicator tree- and stock-specific
parameters summarizes all sizes that can be directly collected during a
forest field visit or from a forest management plan without complex
measurements (e.g., the calculation of indices or canopy cover), and was
later divided into tree-specific parameters and stock-specific parameters for
the surveys. The main indicator forest area in the FES unit ‘air pollution
and climate regulation’ was also expanded by adding the sub-indicators
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Table 3

Indicators of the FES unit "wood provision" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).

suitability

sources feasibility

ref.unit

description

sub-indicator

main indicator

e O o O

[31, [41%,[5], [9], [10], [14], [17], [19], [20], [22], [25], [27]
[31,[41",51, [91, [14], [171, [19], [20], [22], [25], [27]
[4]1% [10], [14], [16], [18], [19], [20], [25], [27], [31]

[14]

m3halal
m®ha'a?l
m° ha!
ha

total amount of timber felling per hectare in the
reporting year (less crop lose or unusable wood)
@ wood increment per hectare in the reporting year (less natural mortality)
size of the (usually) stocked forest area

@ growing stock (total biomass) of living trees per hectare for the reporting year

logging
wood increment
growing stock
forest area

1 Schuck et al., (2012) : Kategorien, Indikatoren und Datenlage der Waldfunktionskartierung

2 Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen

[ ]
o

high

easy
hard

medium.

weak

O ot feasible
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carbon storage capacity and rate of change in carbon (greenhouse gas)
storage, as both are directly linked to forest area. All modified or pre-
viously specified indicators using qualitative information from the free-
text response in the surveys are marked with a corresponding super-
script (d).

Tables 3 — 10 contain the results concerning suitability and feasi-
bility. A total of 291 forest enterprises and 83 ES-experts participated in
the respective surveys. Out of these, 173 forest enterprises and 51 ES-
experts met the minimum response requirements and were included in
the further analysis. A condensed presentation of the results is provided
in appendix B.3. 51 % of the forest enterprises manage contiguous
(spatially connected and unbroken) forests and in response to the
question regarding the existence of a forest management plan, 88 %
indicated that they have one. Among those without a forest management
plan, 9% are small enterprises managing less than 50 hectares.
Accordingly, all indicators that rely on information from a forest man-
agement plan can be considered easily feasible. Regarding site mapping,
only 63 % of forest enterprises reported having the relevant data. In-
dicators based on site mapping, here it is only soil type, are also clas-
sified as easily feasible, but marked with the subscript letter (c) - easy to
collect only when site mapping is available. Several indicators are
classified as easily feasible, as they can either be calculated by forest
enterprises based on existing indicators (subscript letter (a)), or derived
them from literature or statistical sources (subscript letter (b)). The
subscript numbers next to the references in the source column indicate
contributions within edited volumes, which are listed separately below
the tables.

The sizes of the forest enterprises were also recorded in the survey in
order to gain a clearer picture of the participants. A subdivision into size
classes or a filtering based on minimum size was not applied in the
overall summaries (table 3 — 10), as these are intended to provide a
comprehensive overview of German forestry. Moreover, response dis-
tributions are nearly identical across all indicators, particularly for for-
est enterprises larger 200 ha or 500 ha. A depiction by size classes is
provided in appendix B.3.

‘wood provision’ (table 3) —the indicators logging, wood increment,
and growing stock are cited in almost all publications. They are also rated
as easily feasible and highly suitable for mapping the FES unit. The in-
dicator forest area is also easily collectible but it is only of limited use for
making statements about this FES unit. Consequently, three out of four
indicators are deemed suitable for integration into the FAN.

‘non-timber forest products’ (table 4) — only the indicator game
meat is the most viable candidate for this FES unit to integrate in the
FAN, as it can be easily collected and possesses a medium level of suit-
ability and has the most occurrences in literature. The indicator Christ-
mas trees is described as not feasible or suitable, whereas species richness
is rated as hard feasible and medium suitable. These two indicators are
also rarely mentioned in the literature. The sub-indicator game meat sold
can be calculated with available data from the hunting bag and an
average price for game meat from the literature. The sub-indicator game
density can be derived from literature.

‘biodiversity’ (table 5) — no indicators are easy feasible and as well
highly suitable. The most suitable indicators in this FES unit are tree-
specific parameters, stock-specific parameters, regeneration, designated
areas, areas for nesting and foraging, and the Shannon Index as they are
easily feasible and their suitability at the operational level has been
assessed as medium. The indicator areas for nesting and foraging can be
derived by the forest area since any forest area is generally adequate for
this purpose. Additionally, the sub-indicator area by tree species can be
simplified derived using the stock density and the diameter breast height
(DBH) per tree species, this also applies to further mentions of this in-
dicator. The same relates to the Shannon Index, which could be calcu-
lated in a simplified manner: e.g., using the sub-indicators number of tree
species, stock density and age per tree species in combination with specialist
literature, like forest yield tables, to get an estimation for the number of
individuum’s per tree species. If such a calculation is intended to
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produce more precise or reliable data, or extended to include plant
species (e.g., species richness), the current method becomes infeasible
due to the low resolution of the available data. In this case, the feasibility
rating would need to be rated down.

In literature, only the indicator tree-specific parameters appears
frequently. The indicators species richness, endangered species, and dead-
wood and habitat trees are highly suitable but exhibit a hard feasibility.
Among these, species richness as well as deadwood and habitat trees are
frequently referenced in the literature. The indicators logging, and wood
increment have a weak suitability but high feasibility, but are mentioned
rarely in the literature. Apart from forest soil, the remaining indicators
are considered easily feasible, but show medium suitability. The indi-
cator forest soil is not only of medium suitability: its classification as hard
feasible is primarily based on that the first sub-indicator soil type is
considered easily feasible — at least where site mapping is available. The
second sub-indicator humus type is challenging to determine. As a result,
the main indicator forest soil is classified as hard feasible.

In conclusion, no indicator is directly appropriate for integration into
the FAN, as none are both easily feasible and highly suitable. The closest
candidates are those indicators that are easily feasible and have medium
suitability. Indicators that are difficult to collect and only have a me-
dium suitability should be excluded, as well as those that have received a
red-rating for either feasibility or suitability.

‘air pollution and climate regulation’ (table 6) - forest area
(including sub-indicators) represents a highly suitable and easily feasible
indicator for this FES unit and is most frequently mentioned in literature.
The carbon storage capacity and the rate of change initially refer only to
the trees within the forest area. Both sub-indicators could be calculated
using data from tree specific-parameters, supplemented by information
from specialized literature, e.g., auxiliary tables for estimating carbon
storages in stand (Brinkord et al., 2024). Other highly representative
indicators for this FES unit include logging, wood increment, and growing
stock, although their occurrence in the literature is somewhat lower. The
indicator tree-specific parameter is easy to collect but provides a medium
suitability and is infrequently cited in literature. The remaining in-
dicators, such as deadwood and habitat trees, and forest soil, are charac-
terized by both hard feasibility and medium suitability. In conclusion,
the indicators forest area, logging, wood increment, and growing stock are
particularly suitable for integration into the FAN.

‘protection services of forests’ (table 7) — only the indicators
designated areas and floodplains are both easily feasible and highly suit-
able and also mentioned relatively frequently in literature. The in-
dicators with the highest occurrences in literature are tree-specific
parameters and rockfall/ avalanche protection index. The first indicator,
while easily feasible, has only medium suitability. The second indicator
is highly suitable, but two sub-indicators are not feasible. Due to the
significant overlap of required sub-indicators, the rockfall protection
index and avalanche protection index have been consolidated into a
single main indicator. This integration also reflects their joint repre-
sentation in relevant literature and publications. Most sub-indicators
associated with the rockfall/ avalanche protection index are already
available in the forest enterprises. The absence of the key data rock
diameter and rock distribution renders the rockfall protection index
non-operational. In contrast, the avalanche protection index can still be
assessed with the available data, as rock-specific parameters are not
essential for its evaluation. For this reason, the indicator was classified
as both easily feasible (avalanche index) and not feasible (rockfall pro-
tection index). It should also be noted that avalanche risk is relevant
primarily in high alpine regions, whereas rockfall poses a broader haz-
ard across larger parts of Germany.

Additionally, the sub-indicators slope, and wooded slope were
adjusted. These were the only indicators in the survey where forest
enterprise size — specifically those smaller than 50 hectares — had a
substantial impact, potentially shifting the assessment from easy feasible
to not feasible. Since the aim of this study is to demonstrate the inte-
gration of ES into the FAN (primarily includes forest enterprises > 200

suitability

feasibility

@®ab
}"b

0O O O e e® O

sources
[71%, (141
[14]
[14]
[31, [41% [9], [11], [14]
[31, [11], [14]
[41% 9], [14]
[41% [11], [14]
[31]

ref.unit
ha
€ha'
species(n) ha!
(n) species‘1
(n) ha™

description
area intended for Christmas tree production
income from Christmas tree and ornamental twig sale
@ game density (hoofed game) on the area
@ hunting bag seperated by game species
@ number of trees and herbs on the area

income from game meat sold

sub-indicator
game meat sold
game density
hunting bag

area
sold

high
medium.
weak

easy
hard

main indicator
Christmas trees
game meat
species richness

Indicators of the FES unit "non-timber forest products " with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).

1 Schifer, (2013): Okonomische Bewertung von Biodiversitit und Okosystemleistungen in Waldern
2 Schuck et al., (2012) : Kategorien, Indikatoren und Datenlage der Waldfunktionskartierung

*2 calculable with available data
*b derivable from statistics or literature

Table 4

[

o

O ot feasible



Table 5
Indicators of the FES unit "biodiversity" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).
main indicator sub-indicator description ref.unit sources feasibility  suitability
species richness [21, [31, [41%2, [5], [11], [14], [24], (@) [ )
[31]
species richness @ number of tree species and herbs on the area (n) ha™ [21, [31, [41"3, [5], [111, [14], [24], (@)
[31]
[ ]
rare tree species @ number of rare species per hectare based on the list "rare tree species" (BMEL, 2025) (n) ha! [41%3, [24], [31]
o
Woodland Bird Index selection of 10 bird species representative of the forest (based on BMUV, 2023) N [11]
proportion of forest @ number typical (indicator) forest plants per hectare based on the forest species lists of ferns and o
specialists flowering plants, mosses and lichens in Germany (BfN, 2011) (n) ha [41%, [31]
tree-specific [41%2%4 [11], [13], [14], [19], [20], L g
parameters*4 [22], [23], [25], [28], [30]
tree species (name) names of tree species occuring in the area species (4127 [11], [13], [14], [19], [20], i
P P g name [22], [23], [24], [28], [30]
131, [141, [19], [201, [22], [23], [2 o
tree species (number) @ number of trees per species per hectare (n) ha! % 221’ (141, 1191, [201, [22], [23], [25],
[ ]
tree age @ tree age per tree species in stand @ in years [4] 3, [23], [30]
[ ]
tree height O tree height per tree species in stand @ inm [22], [23], [25], [28], [30]
diameter breast height @ DBH per tree species in stand @ in cm [19], [20], [22], [30]
(DBH)
stock-specific ® o
parameters *9 [413, 1231, [28], [30]
area by tree species @ basal area per tree species per hectare m? hal [23] @®a
[ ]
forest stratification predominant stratification of the stands [28]
[ ]
stock density @ stock density per tree species per hectare @ ha? [413,[30]
o [ ]
endangered species [21, [41%3, [11], [14]
o
red list species total number of species of the BfN red list N [2], [41%%, [11], [14]
protected assets FFH
and habitat types listed in Annex I, animal and plant species listed in Annex II Habitats Directive (COM, ®
Birds Directives 2021a); bird species listed in Annex I Birds Directive (COM, 2020) N [4]1, [11]
(] o
forest soil [41%, [24], [30], [31]
soil type predominant soil type of the total forest area [24], [30] ®c
o
humus type predominant humus type of the total forest area [4] 3, [24], [30], [31]
deadwood and (41,1141, (161, [17], [19], [20], [221, © L
habitat trees [25], [28]
total amount of (@)
deadwood @ amount of standing and lying deadwood incl. root shoots (based on Riedel et al., 2020) m? ha? [14], [20], [22], [25], [28]
proportion of standig o
deadwood @ amount of standing dead trees m® ha? [19], [20], [28]

(continued on next page)

o 32 NN N
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Table 5 (continued)

o 32 NN N

main indicator sub-indicator description ref.unit sources feasibility  suitability
(@)
habitat trees @ number of marked habitat trees (n) ha™ [41%4, [16], [17], [28]
[ ] (]
regeneration
o
area (total) total area of regeneration (DBH <7 cm) ha [11], [31]
[ ]
area (natural) area on natural regeneration (DBH <7 cm) ha [11]
@ wood increment per hectare in the reporting year ® o
wood increment (less natural mortility) m3hala? 414
[ ] O
logging total amount of timber felling per hectare in the reporting year (less crop lose or unusable wood) m>halal [41*
[ J o
designated areas [41%>4 [11], [14]
areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) taken ®
name out of use name (41524 [11]
areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) taken ®
percent of total area out of use % of total [41%4 [11]
area for genetic
conservation or used for gene conservation, propagation and ®
experimental area breeding, and scientific experimental areas ha [11], [14]
area for nesting and (@)
foraging useful for pollinators for foraging and nesting ha [31, [14], [21], [31] @®a
B o
Shannon Index calculating of tree species diversity (Shannon, 1948) [171, [23], [25] @b

1 Drachenfels, (2012): Waldspezifische Naturschutzkriterien, Indikatoren und Datenlage der Waldbiotopkatierung

2 Ontrup, (2012): Waldfunktionenplanung in Rheinland-Pfalz: Forstliche Abwigung und planerische Konsequenzen

3 Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen
4 Schuck et al., (2012): Kategorien und Indikatoren im Europaischen waldpolitischen Diskurs

* calculable with available data

*P derivable from statistics or literature

*¢ easy to collect only with site mapping

*d adjusted

[ easy high
o hard medium.
O not feasible weak
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Table 6
Indicators of the FES unit "air pollution control and climate regulation" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).
Main indicator Sub-indicator Description Ref.unit Sources Feasibility ~ Suitability
forest area*d (31, [41%% [11], [14], [15], [17], [18], [19], @ ®
[20], [22], [25], [27], [31]
[ J
forest area size of the (usually) stocked forest area ha [41%2,[14], [15], [18], [19], [20], [27], [31]
*a,b
carbon storage capacity carbon storage capacity of the forest area (by trees) (t) ha [41%2,[14], [15], [18], [19], [20], [27], [31] [ ]
rate of change of the carbon annual change in the carbon (greenhouse gas) balance, based on a fixed index
(greenhouse gas) storage value (e.g., first year of participation) %a’ [3], [9]1, [11], [17], [22], [25] @*a,b
tree-specific [ ) (@)
P d [412, 191, [16], [22], [24]
parameters
species ®
tree species (name) names of tree species occuring in the area name [412, [9], [22]
[ ]
tree species (number) @ number of trees per species per hectare (n) ha? 1412
[ J
tree age O tree age per tree species in stand @ in years [41%, [24]
[ ]
tree height @ tree height per tree species in stand @ inm [16], [24]
o
diameter breast height (DBH) @ DBH per tree species in stand @ in cm [4]1%, [16], [24]
logging total a.mount of timber felling per hectare in the m® hal al [91,11]
reporting year (less crop lose or unusable wood)
. . ; : ; 3l o1 e °
wood increment @ wood increment per hectare in the reporting year (less natural mortality) m”ha” a [51,[11], [17]
i i ivi i ° °
growing stock f])egiowmg stock (total biomass) of living trees per hectare for the reporting m® ha'l [41%, (161, [19]
i o (@)
deadwood and habitat [161, [171, [22]
trees
@ amount of standing and lying deadwood 3. 1 (@)
total amount of deadwood incl. root shoots (based on Riedel et al., 2020) m” ha {61, 0171, [221
(@)
habitat trees @ number of marked habitat trees (n) ha' [16], [17]
o (@]
forest soil [41%, [5], [24]
(@)

humus type

predominant humus type of the total forest area

[41%, [5], [24]

! Schuck et al., (2012): Kategorien und Indikatoren im Européischen waldpolitischen Diskurs

2 Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen
*2 calculable with available data
*b derivable from statistics or literature

[ easy high
o hard medium.
O not feasible weak

o 32 NN N

L04¥IT (9202) ¥8I si01pa1pu] [p180]007



[

Table 7

Indicators of the FES unit "protection services of forests" with description, reference units (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).

main indicator sub-indicator description ref.unit sources feasibility  suitability
. [ ] o
forest area size of the (usually) stocked forest area ha [11]
. , ° °
designated areas [3], [4]7, [10], [11]
. P . .
names areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) name (31, [41% [11]
taken out of use
. . . . .
percent of total area areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) | % of total (31, [412 [11]
taken out of use
. ) . X 4 5 [ ] [ ]
floodplains floodplains according to § 76 WHG % of total [4]174, [10], [11]
rockfall (R)/ avalanche o Py
(A) [13], [17], [19], [20], [25]
protection index
?}g;‘}:{fr breast height (DBH) @ DBH for every tree species in stand @ in cm [13], [17], [19], [20], [25]
) ) o ) L
tree height (A) @ tree height per tree species in stand @ inm [171, [19], [20]
. . . . ™
stock density (R) @ stock density per tree species per hectare @ ha [13], [17], [19], [20], [25]
area by tree species (R)/(A) @ basal area per tree species per hectare m? ha [13], [17], [19], [20], [25] @
slope (R)/(A) areas with a slope > 30%" of the total operating area % of total [17], [19], [20], [25] @d
wooded slope (R) areas with forest cover on areas with >30%" slope % of toal [131, [17], [19], [20] @:d
; s o
rock diameter (R) @ rock diameter on areas with >30%> slope and @incm [171, [19], [20]
>= 50 cm mean
o . . 5 1 o
rock distribution (R) @ number of rocks in areas with >30%> slope (n) ha [17], [19], [20]
tree-spezific 41% 1111, (171, [191, [20], [25], @ o
parameters*¢ [30]
. 1,2 [
tree species (name) (R)/(A) names of tree species occuring in the area species (417 [111, 171, 1191, [201, [25],
name [30]
. . 1 1 ®
tree species (number) @ number of trees per species per hectare (n) ha [41°, [11], [30]
. . . ) ° o
management technique predominant forest management technique [4]%, [30]
. , o o
forest soil [4]°, [30]
soil type (R) predominant soil type of the total forest area [4]1%, [19], [20] ®c
(]
humus type predominant humus type of the total forest area [30]
ant colonies total number of ant colonies on the forest area N [11] o o

1 Biirger-Arndt, (2012): Kategorien, Indikatoren und Datenlage der Waldfunktionenkartierung
2 Ontrupt, (2012): Waldfunktionenplanung in Rheinland-Pfalz: Forstliche Abwégung und planerische Konsequenzen

S Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen
4 Water Resources Act of Germany
5 derived from Dorren et al. (2005) and Irauschek et al. (2017)
# calculable with available data

¢ easy to collect only with site mapping

[ easy high
o hard medium-
O not feasible weak

o 32 NN N
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Table 8
Indicators of the FES unit "drinking water supply" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).

main indicator sub-indicator description ref.unit sources feasibility  suitability
. '}cd
tree-specific parameters*? [101, [24], [30] [ ]
i [ ]
tree species (name) names of tree species occuring in the area ;l; ic;es [10], [24], [30]
. _ B °
tree species (number) @ number of trees per species per hectare (n) ha [101, [24], [30]
- . [ ]
tree age O tree age per tree species in stand @ in years [30]
) ) o ) ]
tree hight @ tree height per tree species in stand @inm [30]
i b heigh o
diameter breast height @ DBH per tree species in stand @ in cm [30]
(DBH)
i wd [ ] o
stock-specific parameters* [81, [30]
) . ) 1 L
stock density O stock density per tree species per hectare @ ha [30]
I i I o
forest stratification predominant stratification of the stands [8]
. . . [ ] (@]
management technqiue predominant forest management technique [30]
forest soil [41%, 81, [101, [11], ) o
[30]
soil type predominant soil type of the entire forest area [41%, [30] ®c
o
humus type predominant humus type on the entire forest area [41%, [10], [11], [30]
calculation according to the TUB-BGR method
infiltration rate (Wessolek et al., 2008) mma’t [41%, 8] @b
catchment area drinking P PY
water catchment area used for drinking water production % of total [4]2, [10]
production plant
L . . L _— (e} [ ]
drinking water estimated total available amount of drinking water (ground water) on the forest area Tsd.m” ha [31, [11], [14], [27]
. 4 . s vs ° °
floodplains floodplains according to § 76 WHG % of total [41%°, [10]
[ ] [ ]
designated areas [41>> [71%, [10], [14]
s . e " .
names areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) taken out name [412 71 [10], [14]
of use
percent of total area areas that have a legal protection status, legal restrictions on use, or have been (voluntarily) taken out % of total [412 [71%, [10], [14] o

of use

o 32 NN N

! Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen
2 Biirger-Arndt, (2012): Kategorien, Indikatoren und Datenlage der Waldfunktionkartierung

3 Ontrup, (2012): Waldfunktionenplanung in Rheinland-Pfalz: Forstliche Abwigung und planerische Konsequenzen

# Schifer (2013): Okonomische Bewertung von Biodiversitit und Okosystemleistungen in Wildern

5 Water Resources Act of Germany

*% calculable with available data

P derivable from statistics or literature

*© easy to collect only with site mapping

* adjusted
[ ] easy high
o hard medium.

O not feasible weak
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Table 9
Indicators of the FES unit "culture, health and recreation" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).
main indicator sub-indicator description ref.unit sources feasibility  suitability
special elements for recreation and facilities that exist for the purpose of recreation and tourism or natural elements that N [41%, [51, [6]1, [71% [101, [12], [ ] [ ]
tourists increase the attractiveness of the area [29]
infrastructure for recreational or [6l, [71%2, [9], 101, [11], [12], @ L
tourist purpose [27], [29]
[ ]
road density @ path density that can be used for recreation, hiking, sports, etc. m ha! [61, [71%%, 191, [111, [12], [29]
parking spaces and bus nu.mber of parking spaces and public transport stops within the operating area or directly N [71%, [101, [121, [29]
stops adjacent
forest visitors [31, [41"*, [10], [11], [14], o o
[26], [27], [29]
iy . - 1 [31, (414, [10], [11], [14], o
forest visitors estimaded number of forest visitors per year Na 1261, [27], [29]
catchment area distance to the nearest town with over 50.000 inhabitants km [41%, [713, [10], [29] @b
[ ] (@]
designated areas [4]1’5, [10]
names areas that' have a legal protection status, legal restrictions on use, or have been name [41%5, [10] o
(voluntarily) taken out of use
. . . .
percent of total area areas that- have a legal protection status, legal restrictions on use, or have been % of total 14155, [10]
(voluntarily) taken out of use
T . ) ) L L L
religious sites number of places of worship, burial forests, or other sites related to religion N [31, [6], [26]
statements of individuality, beauty, [41%* [5], [6], [10], [11], [12], L
diversity and disruptive elements [171, [29] @d
i [ ]
tree species (name) names of tree species occuring in the area il;:;es [41%, [17]
; : 1 4 ®
tree species (number) @ number of trees per species per hectare (n) ha [41%, [17]
o ) L
tree age O tree age per tree species in stand @ in years [17]
) ) o ) o
tree height @ tree height per tree species in stand @ inm [17]
diameter breast height @ DBH per tree species in stand @ in cm [17]
(DBH)
area by tree species @ basal area per tree species per hectare m? ha'! [17] @®a
[ ]
forest stratification predominant stratification of the stands 414, [5]
logging total a'mount of timber felling per hectare in the m® hal al 171
reporting year (less crop lose or unusable wood)
o
amount of deadwood @ amount of standing and lying deadwood incl. root shoots (based on Riedel et al., 2020) ~ m® ha™ [17]
Shannon Index calculating of tree species diversity (Shannon, 1948) [29] @b
o
Woodland Bird Index selection of 10 bird species representative of the forest (based on BMUV, 2023) N [11]

(continued on next page)
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suitability

sources feasibility

ref.unit

description

sub-indicator

Taldin Mtomanued )

noise or technical elements that disturb the natural
aesthetics

number of inteference

elements

[41%4, [10], [12], [29]

[12], [29]

predominant forest management technique

management technique

! Biirger-Arndt, (2012): Kategorien, Indikatoren und Datenlage der Waldfunktionkartierung

2 Schifer, (2013): Okonomische Bewertung von Biodiversitit und Okosystemleistungen in Waldern

3 Aicher und Bergdorfer (2013): TEEB-Ansatz in GrofBstadtwaldern in Nordrhein-Westfahlen

“ Bastian et al., (2012): Verfahrensansitze der Landschaftsokologie zur Erfassung und Bewertung von Okosystemdienstleistungen

5 Ontrupt, (2012): Waldfunktionenplanung in Rheinland-Pfalz: Forstliche Abwigung und planerische Konsequenzen

*2 calculable with available data

*b derjvable from statistics or literature
* easy to collect only with site mapping

*d adjusted

high
medium.

easy
hard
not feasible

[}
(o}
o}

weak
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hectares), only forest enterprises > 50 hectares were considered in this
specific case. This exception was applied exclusively to these two in-
dicators, as the difference in response was particularly pronounced,
spanning both extremes of the feasibility scale.

The indicators forest area and management technique are easily
feasible but only have a medium suitability. The indicators forest soil and
ant colony are not appropriate for integration into the FAN: forest soil is
hard feasible and medium suitable; ant colony is hard feasibly and
weakly suitable.

‘drinking water supply’ (table 8) — the only indicators appropriate
for integration into the FAN are tree-specific parameters, catchment areas
drinking water production plant, floodplains, and designated areas. All these
indicators are both easily feasible and highly suitable. The suitability for
the tree-specific parameters indicator was adjusted based on qualitative
responses from the survey’s free text fields, where some ES-experts
emphasized tree species as a key indicator here. The remaining sub-
indicators of this main indicator were rated only as medium suitable.
Apart from the indicator drinking water - assessed as not feasible - the
other indicators were evaluated as easily feasible but with medium
suitability. The sub-indicator infiltration rate could be calculated using
the TUB-BGR method based on available information about forest soil,
the management type, and the tree-specific parameters supplemented by
literature data (Wessolek et al., 2008).

‘culture, health and recreation’ (table 9) — the indicators most
frequently cited in the literature encompasses statements of individuality,
beauty, diversity, and disruptive elements as well as infrastructure for rec-
reational and tourist purpose, and forest visitors. Of these 3 main in-
dicators, only the first two are both easily feasible and highly suitable.
The feasibility assessment for statements of individuality, beauty, diversity,
and disruptive elements has been adjusted, as out of 13 sub-indicators,
only 2 are regarded as hardly feasible, while the remainder are
deemed easily feasible. Furthermore, most of these sub-indicators were
only defined by one single article (Blattert et al., 2017); the other sources
typically refer to the main indicator and occasionally note the effects of
anthropogenic or technical elements as disruptive factors. The indicator
forest visitors was deemed not feasible, as one corresponding sub-
indicator was assessed as not feasible. Additionally, the ES-experts
rated the main indicator as only medium suitable. The other sub-
indicator catchment area could be derived directly from literature.

More indicators that are well adequate for integration into the FAN
and frequently cited in the literature are: special elements for recreation
and tourists (e.g., observation towers, castles, etc.), and religious sites.

The remaining indicators designated areas and management technique,
could be integrated. They are easily feasible but rated medium suitable.

‘economics, science and education’ (table 10) — the indicators
special elements for recreation and tourist and infrastructure for recreational
and tourists’ purpose were evaluated as both easily feasible and highly
suitable. These were also frequently referenced in the literature. The
indicator income could be derived from literature as a sectoral average.
The remaining indicators were assessed as easily feasible and as medium
suitable, except for deadwood and habitat trees, which was considered as
hardly feasible. Thus, integration of these indicators into the FAN —
excluding deadwood and habitat trees — could be possible.

4. Discussion

ES have been a focal point of scientific and policy discourse for many
years, particularly in response to the ongoing impacts of climate change.
In the forestry sector, an increasing number of ES have been incorpo-
rated into (inter)national strategies and regulations over time. This
development reflects a growing prioritization of ES, as evidenced by the
expanding range of forest-related ES described in policy strategies and
regulations. Frequently addressed ES include those related to biodiver-
sity, air quality regulations, as well as cultural, health and recreation.
Moreover, new strategies are being published at increasingly shorter
intervals (e.g., table 1). National assessment and monitoring
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Table 10
Indicators of the FES unit "economics, science and education" with description, reference unit (ref.unit), sources and their evaluation by forest enterprises (feasibility) and ES-experts (suitability).
main indicator sub-indicator description ref.unit sources feasibility  suitability
special elements for recreation and facilities that exist for the purpose of recreation and tourism or natural elements that increase the N [5], [6], [12], [14], [ ] o
tourists attractiveness of the area [29]
infrastructure for recreational or tourist ® ®
purpose [3], [12], [15]
([
road density @ path density that can be used for recreation, hiking, sports, etc. m ha! [12], [15]
parking spaces and bus ®
stops number of parking spaces and public transport stops within the operating area or directly adjacent N [31, [15]
o o
deadwood and habitat trees [12]
o
habitat trees @ number of marked habitat trees (n) ha! [12]
([ o
designated areas [41*
area for genetic
conservation or used for gene conservation, propagation and ®
experimental area breeding, and scientific experimental areas ha [41*
educational events that serves the further education ® o
educational events of the population N [61, [7]2, [27]1
total amount of timber felling per hectare in the m® ha'! ® o
logging reporting year (less crop lose or unusable wood) atl [41°
([ o
management technique predominant forest management technique [12]
(] o
employees permanent employees of the enterprise 413
. . . 3 @b o
income @ income of enterprise permanent employees o€ [4]

! Ontrupt, (2012): Waldfunktionenplanung in Rheinland-Pfalz: Forstliche Abwigung und planerische Konsequenzen
2 Schifer, (2013): Okonomische Bewertung von Biodiversitit und Okosystemleistungen in Waldern

3 Schuck et al., (2012) : Kategorien, Indikatoren und Datenlage der Waldfunktionskartierung

b derivable from statistics or literature

[ easy high
o hard medium.
O not feasible weak
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L04¥IT (9202) ¥8I si01pa1pu] [p180]007



N. Miiller et al.

programmes serve as an essential foundation for developing and vali-
dating strategies and setting policy targets. In parallel, forest enterprises
are showing growing interest in highlighting their contributions to so-
ciety, extending beyond timber production (Winkel et al., 2022). This
effort aims to foster greater public understanding and appreciation of
the important work they do in managing forests sustainably. However,
these efforts are only partially captured by existing national monitoring
programs, and their contributions remain largely invisible in the data
aggregated at (supra)national levels. This highlights the need within the
forestry sector for suitable and well-structured data to accurately
represent their own performance.

This study investigates which indicators are applicable for mapping
forest-related ES, using the development of FES units as a framework to
connect forest-based services with their societal value and enhance the
interpretability of ES data for a broad range of stakeholders. This
interpretability is further enhanced by considering the terminology
employed in the regulations and strategies analyzed. Representing ES in
such product-based units also enhances the potential for systematic
comparisons between forest enterprises (Castro and Frazzon, 2017;
Horvathova et al., 2021; Biirgi, 2023). In contrast, the commonly used
classifications — such as MEA categories or the CICES-frameworks cat-
egories — are often too abstract for this purpose (MEA, 2005;
Haines-Young, 2023). An additional advantage of this type of grouping
is the potential to reduce the number of indicators required to represent
forest enterprise performance. Through the thematically bundling of ES
into functional FES units, the requirement to define individual indicator
sets for each ES is rendered unnecessary. This simplifies data collection
and reduces the operational workload. At the same time, the explanatory
power of the results is maintained, as the grouped services still allow for
a differentiated and transparent assessment. A potential drawback of
such groupings lies in the loss of details and the subjective arrangement
of the creator, including the fact that broader social or political factors
are not necessarily taken into account (Swift et al., 2004; Corbera et al.,
2007; Kull et al., 2015). The perceived importance of individual ES may
vary significantly depending on their context, as individual and societal
needs shape the extent to which ES contribute to human well-being.
Policymakers may prioritize services such as biodiversity conservation
or carbon storage, as reflected in strategies and regulations, due to the
urgent need to address species extinction and climate change (UNFCCC,
2015). In contrast, the general public tends to prioritize ES that have a
more immediate and tangible impact on their daily lives. However, so-
cietal preferences are far from uniform; as perceptions of the value of ES
are shaped by cultural background, lived experiences, socio-economic
conditions, ecological knowledge, and other factors (Daw et al., 2011;
Zolyomi et al., 2023). As a result, certain ES that may be relevant for
political measures or funding instruments can be overlooked, or the
grouping may appear arbitrary when viewed in a different context.
Furthermore, this approach may reduce comparability with other
studies or established classification systems. Representing ES in clearly
defined product groups may also obscure potential synergies and in-
terdependencies between individual services, which are important for
integrated ecosystem management (Barnaud and Antona, 2014).

The scoping review was conducted to identify potential indicators for
the FES units and proved to be effective in compiling a broad range of
relevant indicators. Scoping reviews are particularly well-suited for
systematically mapping diverse types of evidence, regardless of source
or format, within the context of a specific topic, geographical areas, or
research fields (Munn et al., 2022; Khalil et al., 2025). They are espe-
cially valuable for addressing topics with overlapping concepts, such as
ES. The methodological transparency and the inclusion of grey literature
make this approach especially beneficial in national application con-
texts, as it enables the consideration of sources that may not be inter-
nationally published (Munn et al., 2022; Khalil et al., 2025). The
resulting overview provided a solid foundation for the selection of
appropriate indicators and stakeholder consultations. However, a limi-
tation of scoping reviews lies in the subjectivity of literature selection:
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different reviewers may arrive at different outcomes despite applying
the same methodology, often due to individual value systems influ-
encing the evaluation process (Giegrich, 1995; Mauchline et al., 2012;
Latruffe et al., 2016). Furthermore, the outcome is highly dependent on
the choice of search criteria, as only studies that meet these criteria are
included. Nevertheless, since the indicators were derived from existing
literature and have already been applied in the context of ES reporting it
can be assumed that they fulfill basic requirements for suitable in-
dicators (Oudenhoven et al., 2018)(. Therefore, the two most important
aspects requiring adjustment, concerned the feasibility for forest enter-
prises, a point emphasized by Oudenhoven et al., (2018), as well as the
evaluation of their suitability at the operational level, due to the lack of
information regarding the management area as a reference surface.

The survey results indicate that most indicators are suitable for
integration into the German FAN and that their implementation is
feasible for the majority of forest enterprises. The robustness of both
surveys can be considered as high, as no ES-experts classified all in-
dicators the same and only four forest enterprises rated all indicators as
not feasible. It is unclear whether this reflects their genuine opinion or a
response aimed at influencing outcomes in their particular interests.
Furthermore, each participant may interpret the questions within a
different context, depending on their professional background. Although
pre-tests were conducted to improve the comprehensibility of the
questions and ensure consistent wording to minimize potential mis-
interpretations, a certain degree of interpretive leeway remains inevi-
table. Consequently, the respective questionnaires should be taken into
account when analyzing the results.

From the perspective of the ES-experts, the evaluation revealed that
the majority of main indicators were, on average, assessed as either
medium suitable (n = 30) or highly suitable (n = 24), only a small subset
as weakly suitable (n = 5). Given that the surveyed ES-experts repre-
sented a wide range of thematic backgrounds, it is difficult to determine
the precise reasons behind their individual ratings. Despite this, two
potential explanations for the low rating can be identified: the indicators
were considered ineffective for capturing one or more of the grouped
and intended ES, or they were too narrowly defined to allow meaningful
evaluation across the entire FES unit. An example for the first explana-
tion is the classification of logging and wood increment as weakly
suitable within the biodiversity domain. While the ratio of harvesting to
increment is widely recognized as an important indicator for sustainable
forest management, it does not directly reflect biodiversity outcomes
(Prins et al., 2023). A balanced ratio may indicate ecological sustain-
ability in terms of resource use, but it does not necessarily imply positive
or negative effects on species richness or habitat quality (Chaudhary
et al., 2016; Duflot et al., 2022). An example for the second explanation
is the indicator Christmas trees, which would be too narrowly defined to
represent the broad category of non-timber forest products. Other in-
dicators were also rated as moderately suitable and should ideally be
interpreted in combination with others: as example, such as those in the
field of economics, science and education. Future research could focus
on combining different indicators to enhance explanatory power, or on
weighting individual indicators, for instance by taking site-specific or
climatic conditions into account.

From the perspective of forest enterprises, only a small number of
indicators were rated as not feasible (n = 4) or hardly feasible (n = 11).
Most indicators were assessed as easily feasible (n = 44). Given that
forest enterprises provide key figures for the German FAN voluntarily
(Miiller et al., 2024), the indicators must be easy feasible. In many cases,
feasibility is not reduced by a single factor, but rather by multiple
interacting factors. In the following paragraphs, four limiting factors are
examined, while acknowledging that additional influences may exist.

The first factor is that forest enterprises regard the indicators as both
meaningful and actionable - as variables they are able to influence
through their management practice. If an enterprise cannot actively
influence the indicators and its outcome, it might be reluctant to collect
and report such data, as this could portray their performance
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unfavorably without simultaneously providing an opportunity for
improvement. They may still represent important contextual conditions
that shape forest-based ES comparisons. This role warrants further
investigation. Indicators such as ant colonies or the Woodland Bird
Index, for example, cannot be directly improved or substantiated
through forest management. The same applies to endangered species,
especially those on Red Lists. Most of them occupy ecological niches and
have highly specialized requirements regarding environmental condi-
tions. While forest enterprises can create or maintain suitable habitats,
the actual occurrence of these species ultimately depends on natural
processes beyond managerial control (Hale et al., 2020; Genes and
Dirzo, 2022).

The two further limiting factors are the knowledge and expertise of
the personnel responsible, as well as the time required for data collec-
tion. Some indicators need specialized expertise or must be collected at
specific times: for example, the Woodland Bird Index or endangered
species. A similar situation applies to the assessment of plant species
richness. These challenges are further exacerbated by the enterprise size,
as both the effort and associated costs for data collection increase with
larger areas. For indicators not classified as hardly feasible or not
feasible, this impact is generally mitigated by data already available
within the forest enterprise — such as from forest inventories, site map-
ping, or similar sources. The same holds when indicators to be collected
cover larger spatial extent (e.g., roads) or occur infrequently within the
forest enterprise area (e.g., special elements for recreation or tourists).
One point to be noticed here is that most of these inventories are only
cost-effective if the forest enterprise has exceeded a minimum size, e.g.,
if tax advantages need a forest management planning (§34b EStG®).

The fourth factor is the data currently available. These data generally
provide direct operational value, as their presence within forest enter-
prises reflects their practical relevance. However, where such data are
lacking, the collection often proves challenging — as previously discussed
— exemplified by the main indicator forest soil. The sub-indicator soil
type is of particular importance for forest enterprises when selecting
suitable tree species. Where site mapping is available, this information
can be relatively easily obtained. Even in the absence of site mapping,
forest managers should know at least somewhat about their soil condi-
tions relevant to tree species selection (Walthert and Meier, 2017). If
such information is not consistently available, the collection of this in-
dicator becomes difficult — similar to the sub-indicator humus layer. As
outlined in the previous section, the acquisition of such information
generally requires specialized expertise or the involvement of third
parties, as well as significant time and resource investment. An example
where a direct benefit for future data collection has been created is the
main indicator deadwood and habitat trees. Neither of its sub-indicators
is typically available at the operational level — only in national moni-
toring programs like the national forest inventory or the greenhouse gas
inventory; however, various funding programs aimed at preserving or
increasing deadwood and habitat trees require corresponding docu-
mentation as a condition of funding (ForstBW, 2016; BMUKN, 2024). At
least, indicators may be not feasible because of the lack of comparative
reference values in the literature, available external data not being
specific enough, or because data collection is too dangerous (e.g.,
rockfall protection index). For example, assessing drinking water is not
forest-enterprise-specific and requires high time, expertise, and financial
resources, making it impractical. In this context it is noteworthy that
certain indicators (Christmas tree production and forest visitors), were
rated as not feasible, which is somewhat unexpected. Regarding
Christmas tree cultivation, forest enterprises should generally be aware
of their production activities. However, if a Christmas tree area exceeds
two hectares, it is classified as a special crop and is no longer considered

8 Einkommenssteuergesetz (Income Tax Act of Germany)
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forest land but agricultural land (e.g., §2 Abs.2 Nr.5 BWaldG’; §2 Abs.3
SéchsWaldGm; Art. 2 Abs. 4 BayWaldGll). As a result, relevant data is
often lacking, as such operations are managed within separate business
units. Additionally, there may be reluctance to disclose income figures,
as this information is considered commercially sensitive and could
provide competitors with strategic advantages. A similar challenge ari-
ses with the collection of forest visitor data. The general right of public
access to nearly all forest types in Germany (§ 14 BWaldG®) makes
visitor monitoring particularly difficult. As entry points are virtually
ubiquitous, and the effort required to monitor the entire forest edges
would be disproportional high, accurate data collection is rarely
feasible.

In summary, it can be stated that 20 indicators are unconditionally
appropriate for application within the German FAN and should be
prioritized accordingly, as they were rated as easily feasible and highly
suitable. However, these indicators do not cover all FES units. Therefore,
indicators that were assessed as easily feasible and at least medium
suitable should also be prioritized for continued application. Their
implementation is unlikely to significantly increase the workload for
forest enterprises, while their information value is generally considered
to be at least moderate. Indicators deemed hardly or not feasible should
be excluded from further consideration, as outlined in the previous
discussion. The same applies to indicators that were rated as weakly
suitable by ES-experts. Since this study focuses exclusively on compiling
indicators concerning their measurability and explanatory power at the
operational level, no substantive or normative assessment of the in-
dicators is undertaken. Whether, and to what extent, individual in-
dicators are demanded or suitable for specific evaluation purposes
depends on their subsequent use and lies outside the scope of this study.
Future research could further develop the indicators presented here or
consider additional indicators for FES units that were not pursued in the
current selection process. Likewise, attention should be given to the
combination of different indicators (e.g., those rated as medium suit-
able) to enhance their overall explanatory power. Moreover, the
approach could be adapted to other countries to develop context-specific
and appropriate indicator sets tailored to national conditions. Ideally,
stakeholder engagement through targeted surveys should be employed
to ensure both feasibility and suitability. Future research should aim to
establish a set of indicators for each FES unit that is not only accepted by
forest enterprises and ES-experts but also endorsed by policymakers and
broader public. This would enable transparent communication of the
actual performance of forest enterprises across all levels.

5. Conclusion

This study confirms that the topic of ES remains of significant (supra)
national relevance, and that Germany possesses a particularly broad
spectrum of ES. Most of the assessed indicators for representing these
services appear generally acceptable for integration into the German
FAN. It becomes evident that, due to the voluntary participation of forest
enterprises in the German FAN, more than just the theoretical suitability
of an indicator is decisive. To ensure that the required data are collected
in a valid and consistent quality, not only sufficient operational feasi-
bility is necessary, but also an intrinsic motivation of forest enterprises
to actively engage in the data collection process. Accordingly, this study
provides a sound initial basis for further research on how to reflect the
actual performance of forest enterprises, taking into account (inter)na-
tional reporting, and offers a set of suitable and feasible indicators for
practical application.

9 Bundeswaldgesetz (Federal Forest Act in Germnay)
10 gichsisches Waldgesetz (Saxon Forest Act)
11 Bayerisches Waldgesetz (Bavarian Forest Act)
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Appendix A. Selected Literature

Table Al

Selected Literature: corresponding to the sources referenced in tables 3 — 10, chapter 3.2.

Nb. Title Source
1 Ind1cator§ of biodiversity and ecosystefn services: (Feld et al., 2009)
a synthesis across ecosystems and spatial scales
2 Mapping Biodiversity Indicators and Assessing Biodiversity Values (Ojea et al., 2010)
in Global Forests -
3 Indikatoren fiir Okosystemleistungen (Staub et al., 2011)
4 Okosystemdienstleistungen von Wildern (Biirger-Arndt et al., 2012)
5 Integratir'lg Expert Knowledge into Mapping Ecosystem Services Trade-offs (Gret-Regamey et al., 2013)
for Sustainable Forest Management
6 An empirical review of cultural ecosystem service indicators (Hernandez-Morcillo et al., 2013)
7 D“er Nutzen von Okonorr.ue und Okosystemleistungen (Ring and Schniewind, 2013)
fiir die Naturschutzpraxis
8 Mapping and assessing ecosystem services (Marzelli et al., 2014)
9 Accounting for capacity and flow of ecosystem services: (Schroter et al., 2014)
A conceptual model and a case study for Telemark, Norway
10 Empfehlung zur Entwicklun.g bundesweiter Indikatoren zur (Albert et al., 2015)
Erfassung von Okosystemleistungen
11 Okosystemleistungen des Waldes (Gotzl et al., 2015)
A ill i f cultural i h
12 ssessment and i ustrat19n of cultural ec'osystem services at the (Sziics et al., 2015)
local scale — A retrospective trend analysis
13 The protective effect. of f(?rest against rockfalls across the French Alps: (Dupire et al,, 2016)
Influence of forest diversity
14 Ecosystem services in Swedish forests (Hansen and Malmaeus, 2016)
15 National ecosys.tern sewiFes indic;.atorSE ) (Mononen et al., 2016)
Measure of social-ecological sustainability
ing the f for i Itipl ices:
16 SeeTng the forest for its mu' tip 'e ecosystem services. (Sutherland et al., 2016)
Indicators for cultural services in heterogeneous forests
Management of ecosystem services in mountain forests:
17 Review of indicators and value functions for (Blattert et al., 2017)
model based multi-criteria decision analysis
18 Preliminary Biophysical Assessment of Forest (Jurmalis et al., 2017)
19 Value-based e.cosystem service trafie»offs in multi-objective (Langner et al., 2017)
management in European mountain forests
20 Future ecosystefn services from European mountain (Mina et al., 2017)
forests under climate change
21 Indicators of ecosystem potential for pollination and honey production (Affek, 2018)
Forest Biodiversity, Carbon Sequestration and Wood Production:
22 Modeling Synergies and Trade-Offs for (Biber et al., 2020)
Ten Forest Landscapes across Europe
23 Utilising forest inventory data for biodiversity assessment (Heym et al., 2021)
24 Methodology ff)r classify.ir.lg t?le x.ecosystem integrity of forests (Jenssen et al., 2021)
in Germany using quantified indicators
1dlei 0 falligkeit:
25 Wa dleistung ufld Storun'gsa.n a' igheit (Temperli and Blattert, 2021)
eine modellbasierte Multikriterienanalyse
2% Explorl.n.g evolving sp.mtual values (?f 'fore?ts' in Europe and Asia: (Roux et al., 2022)
a transition hypothesis toward re-spiritualizing forests
%7 Towards. ecosystem .serv.ice .assessment: ) (Tiemann and Ring, 2022)
Developing biophysical indicators for forest ecosystem services
28 ?ndex of biodiversity potential (IBP) versus direct species monitoring (Zeller et al., 2022)
in temperate forests
29 Erfassung und Bewertung kultureller Okosystemleistungen (Hermes et al., 2023)

in Deutschland
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Table A1 (continued)
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Nb. Title Source
Analyse der waldspezifischen Okosystemleistungen .
Miiller, 202
30 im Hinblick auf die Wasserhaushaltskomponente (Miller, 2024)
31 Trade-offs in biodiversity and ecosystem services (Vanneste et al., 2024)

between edges and interiors in European forests
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecolind.2026.114701.
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