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Summary: Forest management has increasingly shifted from timber-focused production to multifunctionality, requiring
scenario approaches that integrate socio-economic contexts and expert knowledge. For robust assessments of ecosystem
service potentials (ESP), three key dimensions must be addressed: realism, by incorporating expert-based knowledge and
socio-economic constraints; scalability, through standardized modeling techniques; and comparability, by ensuring applica-
bility across different regions and forest types. We developed an interdisciplinary ‘story and simulation’ approach, combining
expert-based Delphi assessments with spatially explicit scenario modeling to assess ESP changes in Bavaria, Germany. This
method integrates stakeholder perspectives with empirical ecosystem service models to enhance realism while maintaining
scalability and comparability for broader applications. We assessed three scenarios of forest change: a Status Quo Scenario
with stable drivers, an Intensified Use Scenario, and a Close-to-Nature Forestry Scenario. Across all scenarios, a transition
from conifer-dominated forests toward mixed and broadleaf forests was expected, affecting between one-third and nearly
half of the current coniferous forest area. The empirical ESP models revealed stable ESP levels at the landscape level, with
only minor scenario-driven variations. We show that including socio-economic factors through an expert-driven approach
reveals more moderate shifts than those predicted by purely optimization-based models. The projected transition towards
mixed forests aligns with current European forest policy trends, but the speed and extent of this shift remain uncertain. Our
interdisciplinary framework enhances realism by incorporating expert knowledge, improves scalability by utilizing empitical
ESP models, and ensures comparability through a structured, transferable approach. This methodology provides a robust
foundation for evidence-based forest policy, adaptable to diverse forest ecosystems and governance structures.
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1 Introduction

Forests generate multiple ecosystem services
(ES) that are the basis for human well-being and a
good livelihood (IPBES 2019, JENKINS & SCHAAP
2018). In this context, the public and policy expec-
tation on forest management has changed from a
focus on economic aspects to forests as multifunc-
tional ecosystems (Borrass et al. 2017) with the aim
to guarantee the sustainable and long-term supply
of multiple ES (NELSON et al. 2009, MANNING et al.
2018). This shift requires forest managers to consid-
er a wide range of goods and services during plan-
ning and management activities. Because trees are
growing slowly, foresters need to integrate manifold
drivers and potential developments across long tem-
poral timeframes into their decisions.

A valuable tool for decision making is the model-
ling and mapping of changes in ES provisioning un-
der different forest development scenarios (DuGuMA
et al. 2022). Two types of basic information are
needed for this: projections of forest development
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and ES indicators. Different approaches have been
developed to acquire those, first independently and
in recent years also in combination (HOOGSTRA-
KreN 2017). While specific case-studies might re-
quire tailored approaches for both forest projection
and ES modeling, the growing interest in forest ES
models calls for approaches which are generalizable
but at the same time realistic in different situations.
In our view, this can be achieved if combined ap-
proaches heed the following three dimensions: scal-
ability, comparability and realism (Fig. 1). While the
dimension of comparability mainly applies to com-
paring different ES, scalability and realism are im-
portant for both ES models and forest development
projection.

Here, realism primarily refers to the integra-
tion of socio-economic drivers, management con-
straints, and expert knowledge into plausible forest
development pathways; ecological processes such as
disturbance regimes or climate change impacts are
represented indirectly through their effects on forest
structure and composition rather than being mod-
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Fig. 1: Most commonly used approaches to model ecosystem services (columns) and predict forest development (rows) and
exemplary studies having applied a specific combination. Each approach is assessed relative to the three dimensions scalability,
comparability and realism relative to the other approaches (with ++ fulfilling a dimension best and —— worst). The grey box highlights
the combination we applied in this study, which we consider a promising balance of scalability, comparability, and realism. We do not
claim this is universally supetior, but present it as one possible pathway alongside others in the literature. *: those studies only include
ES that can be directly calculated using the outputs of the forest development models, i.e., carbon stocks or biomass production.

elled explicitly. To predict forest development, two
types of approaches are most commonly used: forest
growth models and models of forest cover change.
Forest growth models allow modeling of forest de-
velopment for different management actions or op-
timization strategies (e.g. SILVA used by SCHWAIGER
et al. 2019). Forest growth models based on indi-
vidual tree growth, combined with an estimation
of resource outputs and economic value are used as
decision support systems at local scales (an overview
is given in NORDSTROM et al. 2019). At larger spatial
scales, modeling forest growth based on individual
trees becomes increasingly complex and resource in-
tensive (POSCHENRIEDER et al. 2013). Hence, forest
growth models are also calculated at the stand level
(AucusTyNCzIK & YOUSEFPOUR 2021), based on typi-
cal forest stand characteristics (e.g. tree species com-
position, basal area, age composition). Those stand
characteristics can directly be used as indicators for
ES, such as timber production or carbon storage
(AucusTyNCzIK & YOUSEFPOUR 2021, MOZGERIS et
al. 2017). Nevertheless, forest growth models remain
resource intensive and require detailed knowledge

about the mechanisms as well as the biotic and abiot-
ic conditions of forest growth. Hence, forest growth
models are often specific to certain regions or forest
types. Less complex, but more scalable approaches
model the change in overall forest cover or cover of
different forest types (FILYUSHKINA et al. 2022) under
different scenarios, often based on standardized for-
est inventory data (EGGERS et al. 2020).

The first studies which mapped forest ES across
large scales typically assigned qualitative levels of ES
to specific forest types (Hauck et al. 2013, Kassa et
al. 2009, MozGeRris et al. 2017). Recently, an increas-
ing number of large-scale monitoring programs with
detailed measurements of both forest characteris-
tics (as in forest inventory programs) and ecosystem
functions across forest types (TROMBETTI et al. 2015)
has made it possible to empirically and quantitative-
ly model ecosystem functions and the resulting ES
(SiMoNs et al. 2021, EGGERS et al. 2020). Empirical or
process-based models not only cross different spatial
scales, they also capture the cascade character of ES
(ZHANG et al. 2022) in which ecosystem service po-
tential (ESP) describes the ability of a specific eco-
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system to provide an ES. In turn, ES are dependent
on ecosystem functions (EF) which are defined as
mathematical functions, depending on the respective
ecosystem characteristics (GLATTHORN et al. 2021).
For example, the ESP of climate change mitigation
is related to the EF of carbon storage in trees and
forest soil which depend on several ecosystem char-
acteristics such as wood volume or carbon-uptake of
a specific soil type. In this study, ES are operation-
alized as ESP, defined as the capacity of forest eco-
systems to provide services under given structural
and ecological conditions. ESP are quantified using
measurable indicators that reflect underlying ecosys-
tem functions. Some of these indicators are closely
linked to biodiversity attributes, which reflects the
well-established interdependence between biodiver-
sity, ecosystem functioning, and service provision.
Quantitative ES models have also been a big im-
provement in terms of comparability (MERAJ et al.
2022). While qualitative estimation allows for a rela-
tive comparison or ranking of forest types in terms
of ES provisioning, the results are specific to the set
of considered forest types. Quantitative estimation
of ES levels based on standardized forest character-
istics or empirical models however ensures compa-
rability across scales, forest types and studies.

In principle, empirical ES models can provide in-
formation on how ESP will change under any type
of forest development scenario. The challenge in
scenario development is the complexity of the multi-
ple drivers of forest development at different spatial
scales. Besides, interacting effects of drivers are often
unknown and hence difficult to predict (BIBER et al.
2015, DucumA et al. 2022). Forest managers are also
not acting independently of human-influenced driv-
ers like institutional arrangements (e.g. forest laws
and regulations, land use planning, nature protection
etc.), forestry traditions or economic influences such
as fluctuating timber demand. Hence, forest manage-
ment decisions and individual forest development at
the stand scale as well as the distribution of forest
types at the regional scale are not only influenced by
natural processes but also by complex socio-econom-
ic drivers (e.g., the transition to green energy).

Scenarios of forest and ES development are often
exploring theoretical extremes or compare scenarios
in which only single drivers differ (e.g. ALBERT &
ScumipT 2010 for climate change). These approaches
are certainly invaluable for a mechanistic under-
standing of the relationships between forest develop-
ment and ES provisioning, but they are less suited to
evaluate changes that can be implemented by forest
managers or are most likely to occur. While expert

assessments are not necessarily more ‘realistic’ than
formal models, they offer a way to capture socio-eco-
nomic drivers that are difficult to model explicitly
and can integrate experiential knowledge and prac-
tical constraints that may otherwise be overlooked.
In this sense, expert-informed scenarios can comple-
ment, rather than replace, model-based approaches.
HoocGstrA-KLEIN and colleagues (2017: 228) have
nicely summarized this in their review on scenario
approaches for forest management in Europe: “By
including and engaging stakeholders in scenario de-
velopment, one can not only extend the knowledge
that forms the basis for developing scenarios, it also
builds consensus [and] creates legitimacy |[...].”
Many studies use input by experts or stakehold-
ers to cither evaluate different scenarios of ES change
(FiLyusHKINA et al. 2022, DupraAs et al. 2016, JURMALIS
et al. 2023) or to define scenarios for which ESPs are
then modeled (STRAND et al. 2017, MAcCLEAN et al.
2021, DuGcuma et al. 2022, HALLBERG-SRAMEK et al.
2023, SuArez-MuNoz et al. 2023). Typical methods
to reap expert knowledge are unstructured inter-
views with selected experts (SCHWAIGER et al. 2019,
HALLBERG-SRAMEK et al. 2023), structured surveys
(LobiN et al. 2020), round table discussions that fa-
cilitate deliberative exchange among experts and
stakeholders (EGr1 1999), mapping exercises or work-
shops (DuGuMA et al. 2022) and the Delphi method.
The Delphi method systematically gathers expert
judgments through iterative surveys with feedback
(DELBECQ et al. 1975). It is particularly suited to re-
search fields with high levels of uncertainty, such as
environmental change, where diverse perspectives
and incomplete information complicate forecasting
(DALKEY & HELMER 1963, KENDALL et al. 1992, LEE
& KiNG 2009, STRAND et al. 2017, FILYUSHKINA et al.
2018, LEE et al. 2019, PeTROLIA et al. 2020). The ap-
proach of combining expert-derived future scenarios,
which in accordance with Kok et al. (2015: 188) we
understand as “a story about the future that can be
told in both words and numbers”, with quantitative
representations of changes in space is called a “story
and simulation approach (ArLcamo 2008) and has al-
ready been implemented successfully in forestry con-
texts to visualize land-cover changes (e.g. DuGuMA
et al. 2022). Story and simulation approaches are in-
creasingly used when future scenarios are combined
with quantitative data to forecast ecological param-
eters, but usually these scenarios are based on theo-
retical or literature-based stories (REGOS et al. 2016)
or — when expert knowledge is the starting point
— developed in an iterative way from qualitative to
quantitative assessments (Kok et al. 2015). Although
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recent studies have made substantial improvements
in the realism and scalability of forest development
as well as in realism and comparability of forest ESP,
their implementation has remained within a discipli-
nary focus.

Here, we demonstrate how an interdisciplinary
approach can effectively address the three main chal-
lenges of ES scenario development, using the state
of Bavaria, Germany as a case. We ensure scalability
and realism of forest development projection with
a Delphi-based ‘story and simulation’ approach fo-
cused on forest cover change and combine it with em-
pirical ES models to provide scalability, comparabil-
ity and realism of ecosystem service potentials. With
this case study, we explore the potential of combining
Delphi-based story-and-simulation with empirical
ESP models. Our aim is not to present a universally
superior method, but to test how such an approach
performs in practice, to reflect on its strengths and
limitations, and to provide spatially explicit insights
into forest development and ESP change in Bavaria.

2 Materials and methods

2.1 General approach, study area and expert se-
lection

To determine the ESP changes under differ-
ent expert-based scenarios of forest development in
Bavaria, we conducted a multi-stage research process
centered on a two-step Delphi survey (Delphi I and
Delphi II; SacHER & MAYER 2019; Fig. 2). Although

the Delphi surveys were conducted in 2016-2017, the
elicited expert knowledge primarily reflects long-
term forest development processes, management tra-
jectories, and structural change drivers that operate
over several decades and remain highly relevant un-
der current forest policy and climate change debates.
In doing so, we asked the experts to identify key for-
est characteristics which were then used to statisti-
cally define and map the main forest types in our
study region. Based on the expert input, we modeled
the spatial distribution of forest types under three
forest development scenarios. For each forest type,
we estimated ESP for 13 ES using empirical models
from SIMONS et al. (2021) and Forest Inventory data.
After each Delphi round, experts received feedback
on results (STRAND et al. 2017) and could refine sce-
nario narratives, particularly after the first round
(Fig. 2). Instead of pursuing strict consensus, we ap-
plied a policy Delphi (TuroFE 1970), which emphasizes
the range of plausible viewpoints and allows experts
to determine levels of agreement themselves. Mean
values were used to summarize survey ratings, sup-
porting a more open-ended assessment. This variant
was chosen because it balances realism, by capturing
heterogeneous views; comparability, by structuring
expert input into standardized indicators; and scal-
ability, by linking expert scenarios to spatial data. A
similar Delphi-based scenario development was used
by DORR et al. (2015) to evaluate future landscape
changes in the European Alps.

The German state of Bavaria was selected as
study area because a diverse set of forest types com-
mon for Central Europe can be found here and be-
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Fig. 2: Workflow of the research process from left to right. Light grey indicates the different methods used to generate outputs. Dark
grey indicates output generated by experts, white and blue indicates output generated by the researchers. Italic fond indicates the main
outcomes of each workflow. The dashed arrow indicates an alighment between the output generated by experts and empirical data.
The forest inventory data were taken from the third German National Forest Inventory (NFI), empirical models for ecosystem service

potential (ESP) are based on SiMONs et al. (2021).
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cause the state plays a strong role in forest policy and
forest management. Forests cover 37% of Germany’s
land (BMEL 2014), and in Bavaria - Germany’s larg-
est state (70.542 km?) - they cover 37%, with over
95% being managed (BMEL 2014, ZUKUNFTSBAUM-
BaverN 2023). Forests in Bavaria are owned by di-
verse stakeholders, including the state, municipali-
ties, public trusts, religious institutions, and private
owners, resulting in a wide range of different man-
agement strategies being implemented across differ-
ent natural regions.

Selecting suitable experts is crucial for Delphi
studies (HADER 2009, LEE et al. 2019). We used
a Knowledge Resource Nomination Worksheet
(KRNW; OkorLt & Pawrowskl 2004) to identify rel-
evant organizations and individuals. Experts were
defined as those actively shaping forest-related dis-
course, whether through research, practice, policy,
or stakeholder engagement (PELTOLA & TUOMISAARI
2016). The final panel consisted of 33 experts (Tab. 1).
While we aimed for balance, academic representa-
tives were overrepresented due to professional spe-
cializations, which influenced the results. This selec-
tion bias was further reinforced by the male-dom-
inance in forest sciences, though it aligns with the
real-world gender ratio among forest practitioners.
To capture an external perspective, we also included
experts from the whole of Germany. Although some
experts were less familiar with forests in Bavaria spe-
cifically, they had relevant knowledge of the region’s
forestry challenges. Given the diverse expertise, not

all experts were equally qualified to answer every
question. However, our goal was to combine spe-
cialized knowledge with broader discourses in land
cover change beyond technical expertise.

2.2 Delphi I: Forest types and drivers of ES(P)
change

In the first Delphi survey round (Delphi I, April
to May 2016), 22 out of 33 experts participated (re-
sponse rate of 66.7%), including 75% of experts af-
filiated with Bavaria. The average age was 48 years
(ranging from 29 to 82), the proportion of female
participants was low (18%). The educational level
was notably high, with 21 out of 22 experts holding
a university degree or general university qualifica-
tion, resulting in an academic share of 95%. Over
80% of the experts self-assessed their knowledge
of forest conditions, forest development in Bavaria,
and the ES concept as very good or good, affirm-
ing their suitability for the Delphi. Only one expert
reported a lack of familiarity with the ES concept.
We used a semi-standardized online-questionnaire
(see Supplementary 1% round) which was acces-
sible via personalized links. The aim of Delphi I
was that the experts identified key forest charac-
teristics to classify Bavaria’s dominant forest types.
Twelve characteristics were translated into categori-
cal variables and matched with data from the 2012
German National Forest Inventory (NFI; PoLLEy

Tab. 1: Stakeholder groups and shares of experts in the final panel

Stakeholder group Number of experts Numberof expertswho Number of experts
that gave consent to participated in DelphiI who participated in
participate Delphi II

gf:?;ljs;e’ forestry and timber produc- 539 30 1

Forest owners 4@ 1(1) 1(1)

Academic institutions related to forestry 13 (9) 10 (9) 7(7)

Spatial planning representatives 1 1 0

Politicians and administration 22 1(1) 1(1)

Environmental conservation agencies 4 (3) 3(2) 3(2)

Environmental education institutions 2(2) 1(1) 1(1)

Landscape planning offices 1) 1(1) 1(1)

Hunting associations 1) 1) 1(1)

n 33 (25) 22 (18) 16 (14)

*In brackets: Number of experts affiliated with Bavaria
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2011, THUENEN-INSTITUTE 2016). A cluster analysis
of 7,458 NFI plots (Dice index, k-means algorithm
in R v.3.3; Dicg 1945, HARTIGAN & WONG 1979, R
CORE TEAM 2023) resulted in eight forest types,
validated through expert consultation. Experts also
ranked the drivers influencing forest development
over 30- and 60-year horizons, balancing forecast
realism (HADER 2009) with management relevance.
Their input formed the basis for three distinct forest
development scenarios.
e Status Quo (SQ): constant drivers, minimal
change.
¢ Alternative ScenarioI (ASCI-Intensification
of use): stronger impact of drivers, higher tim-
ber demand.
* Alternative Scenario II (ASC II — Resilient
close-to-nature forests): explorative vision of
desirable developments.

Figure 3 shows the spatial distribution of for-
ests across Germany represented by NFI inventory
sites while Figure 4 presents in detail the eight forest
types identified in Bavaria for each dot. The full first-
round scenario texts are available in the Supplement,
while Table 2 summarizes the scenario narratives.

2.3 Delphi II: Scenario and forest change prob-
abilities

The primary objective of the second Delphi
round (Delphi II, December 2016—February 2017)
was to translate the qualitative scenario narratives
into quantitative information by asking experts to di-
rectly estimate scenario-specific transition probabili-
ties between forest types. These probability estimates,
rather than predefined assumptions by the authors,
formed the quantitative basis for the subsequent spa-
tial modelling. To achieve this, Delphi II focused on
quantifying probabilities of scenario occurrence and
forest type transitions in a mainly standardized ques-
tionnaire (see Supplement 2™ round). Sixteen of the
22 Delphi I participants responded (panel mortality:
27.3%). Experts received descriptive feedback from
Delphi I in the form of statistics highlighting rating
scale distributions. The three scenarios developed in
Delphi I shaped the structure of the second-round
questionnaire. The questionnaire was divided into
three blocks, each corresponding to one of the sce-
narios. Identical questions were used in each block,
differing only in the underlying scenario. To assess
forest type transitions, ecach forest type was given a
descriptive name, a summary of its key characteris-

tics, and a spatial distribution map based on the NFI
(Fig. 4). Additional details, including the share of
each forest type of the total forest area, were also pro-
vided. Experts rated the probability of transitions for
the eight forest types on a ten-point-scale (0 = ‘not
likely at all’ to 10 = ‘very much likely’). They also re-
viewed and, if necessary, revised the first-round sce-
nario texts. After incorporating their adaptions, the
final scenario texts were completed.

2.4 Spatial modelling of forest change

We used the Scenario Generator v.3.5.0 within
the InVEST® software suite (SHARP et al. 2014) to
simulate forest type changes for the three scenarios
and two time horizons (2045 and 2075). First, the
transition probabilities given by the experts in Delphi
IT were averaged for each forest type combination.
Secondly, we joined the publicly available geographic
coordinates of the German Forest inventory points
(which are arranged in a 4 x 4 km grid and scaled to
match the INSPIRE standard) with an empty grid
covering Bavaria and used QGIS v. 3.32.0 to create a
map of the current distribution of forest types. Any
grid cells which did not include an inventory point
with one of our eight forest types (cither because it is
not covered with forest or because not all informa-
tion was available to determine the forest type) were
defined as land-cover type ‘other’. Based on the tran-
sition probabilities between each pair of forest type
and the estimated increase or decrease in percent per
forest type, the Scenario Generator calculates priori-
ties of forest type change and converts suitable grid
cells into the target forest type until the estimated
increase in cover for a specific forest type is reached.
As the Scenario Generator only simulates the grow-
ing land cover types, increases are exact in terms of
the estimated percentual change but decreases in for-
est type cover can be larger or smaller than estimated
by the experts.

2.5 Modelling and evaluation of ecosystem ser-
vice potential

We estimated the potential to provide 13 ES
for ecach forest type in Bavaria using the predic-
tive equations developed in Sivons et al. (2021).
The predictive models use the same set of explana-
tory variables (Supplementary Fig. 3) to model the
13 ES with different effect sizes assigned to the
variables per ES. All explanatory variables can be
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Fig. 3: Distribution of forests across Germany. Each point represents an inventory point of
the German National Forest Inventory of 2012 (NFI; THUENEN-INsTITUTE 2016) which was
covered by forest. The NFI is done with a common gtid size of 16 km x 16 km across all federal
states (shown here). Some federal states (e.g., Bavaria) have an additional finer grid size of 4 km x 4 km
(see Fig. 4). Bavaria has an overall forest cover of 37% relative to its total size, which places it slightly
above the German average of 32%. With around 60% coniferous forests, Bavaria has a higher share of
those forests than the German average of 50% coniferous compared to deciduous forests.

derived from standardized forest inventory data
(such as the NFI in Germany). The set of 13 ES
include regulating, material and non-material ser-
vices, i.e. the three main categories established by
the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES 2019).
For each category, several indicators were select-
ed from the database of the large-scale and long-

term research platform ‘Biodiversity Exploratories’
(BEXIS 2023). Background information on how the
indicators were selected is described in SIMONS et al.
(2021) and summarized in Supplementary Table 2.
It should be noted that while the selected indicators
include non-material ES, they primarily capture di-
rectly measurable and biophysically mediated aspects
of cultural ES, whereas more intangible dimensions
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Fig. 4: Distribution of main forest types in Bavaria (each dot represents one forest inventory site) as
provided for the expert panel in the Delphi II. Forest types were defined using a clustering algorithm
based on the forest characteristics identified as important for forest type distinction in Delphi I. The
shares among the complete forest inventory sites are distributed as follows: Mountainous spruce forest
17%, mountainous mixed forest 14%, non-native spruce (mixed) forest 10%, native spruce (mixed) forest
13%, pine (mixed) forest 12%, beech (mixed) forest 11%, other lowland broadleaf forest 15% and other
lowland mixed forest 8%. The distribution of these types primarily reflects the historical forestry policy
in the regions of Bavaria which foremost pursued the distribution of fast-growing, commercially usable

types of wood.

such as spiritual values, place identity, or symbolic
meanings of forests are not explicitly represented
and therefore fall outside the scope of this modelling
approach.

Using the function predict in the Rpackage
‘stats’ (Fox & WEISBERG 2019), we estimated the level
of each ES for all Bavarian NFI points which could
be assigned to one of the ecight forest types (i.c. a
slightly larger set of points than used for the Scenario
Generator). We compared the differences in ESP
between forest types with linear models followed
by post-hoc tests of pairwise differences based on
Tukey’s HSD. To ensure normality and homoscedas-
ticity of the model residuals, we inspected Q-Q-Plots

and estimated the linear model on square-root-trans-
formed values for the cover of edible plants. The ESP
at the landscape level was estimated by calculating
the ESP level of each grid cell (according to the cell’s
forest type) relative to the maximum observed level
of ESP across all forest types. Calculating relative
levels of ESP allows a comparison between differ-
ent ES and provides both a baseline (i.e. minimum
observed level) and the achievable maximum level
of ESP (based on the available options, i.e. forest
types). To evaluate the overall ESP within each sce-
nario, we calculated the proportion of raster points
(from here on termed ‘forest share’) which provide
a certain level (between 25% and 90%) of ESP rela-
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Tab. 2: Scenario comparison based on key messages derived from an online survey with 22 forestry-related experts. Full
scenario texts are available in the Supplement, an overview of experts’ expertise can be found in Tab. 1.

Topic/Dimension

Status Quo Scenatrio

ASC I ‘Intensification of use’

ASC II ‘Resilient close-to-
nature forests’

Drivers of forest devel-
opment

Change in overall forest
area

Proportion of decidu-
ous trees

Provision of Semi-natu-
ral areas

Provision of deadwood
Timber production
Recreational value

Overall framework conditions in comparison to current situation

Constant impact

Stronger impact

Dimensions of forest development

Minimal increase

Increase, especially in

state-managed forests

Increase

Increase
Conflicting trends
General growth

Small increase

Strong  increase,  potentially
reaching a balanced 50:50 ratio
with coniferous trees (uncertain-
ty factor: use of Douglas fir for
timber production)

Increase

Stagnation or slight decrease
Gains importance
Spatial differentiation

Balanced impact

Not mentioned

Native and newly established
species showing strong resil-
ience

Not mentioned
Not mentioned

Following sustainable goals
Similar to ASC I in terms of

Nature conservation

measures

Gains importance but het-
erogeneity in effectiveness
Geographical distribu- minor
tion of forested land

Stable character,
fragmentation

General decline

Slight shift to the north of Ba-
varia, altitudinal extension in the

growing importance close to
settlements

Reaching a 10% target of pro-
tected areas for natural devel-
opment

Not mentioned

Alpine region

Payment for forest eco- Not mentioned

system services

Not mentioned

Increasing recognition and re-
warding

tive to the highest potential observed among forest
types. This provides a succinct overview of how
much of the forested area has a high, intermediate or
low potential to provide a respective ES. We finally
calculated the difference in the proportion of raster
points at a certain level of ESP between the current
situation and the three different scenarios.

3 Results

3.1 Expert perspectives on drivers of forest
change

Together, the expert panel identified a to-
tal of 23 categories of forest development drivers
(Supplementary Fig. 4). All experts named ‘climate
change’ as an important driver, followed by ‘timber
demand / price’ (17 mentions) and ‘Influence of na-
ture conservation’ (11 mentions). A near majority of
experts (48% and 50% respectively) anticipated that

‘climate change’ and ‘calamities / pests’ would show
the strongest change in influence by 2045, especially
as intensified climate change may lead to increased
pest problems. One half of the experts also assesses
a very strong to strong change in ‘area requitements/
areal fragmentation’ by 2045. For the remaining driv-
ers, the experts anticipate weak changes in impor-
tance. A similar picture emerges for the time horizon
up to 2075, but with significantly greater uncertainties
overall. Experts agreed that the climate will change
even more than by 2045 and that major changes in
the ownership structure will develop in the long term.
While the experts generally agreed on the importance
of drivers under constant conditions, distinct differ-
ences emerged among the expert group in terms of
how drivers should develop under optimal condi-
tions. We did not pre-define what ‘optimal conditions’
meant; instead, experts were encouraged to rely on
their own perspectives, which led to distinct prefer-
ences and underscored the diversity of views. Based
on these preferences, we formulated the scenario texts
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(see Methods) for which experts were then asked to
estimate the change of forest type cover.

3.2 Changes of forest type cover under different
scenarios

The experts rated the Status-Quo scenario as the
most plausible on average, though perceptions varied
(mean probability 6.8/11, n=14). The first alternative
scenario ASC 1 ‘Intensification of use’ was assigned an
average probability of 5.0 and the ASC I1 ‘Resilient
and close-to-nature forests’ an average probability of
3.9 by the experts. Looking at the overall amount
of expected area change in the different scenarios,
experts expected the least change under ASC I and
the strongest change under ASC II, with the SQ-
Scenario in between (Tab. 3).

Under all scenarios, the greatest changes regard-
ing their area are assumed for all forests dominated
by conifers (Tab. 3) with ‘non-native spruce (mixed)
forests’ estimated to lose neatly a third of their area by
2075 under the SQ and up to 42% under the ASC 11.
Both ‘native spruce (mixed) forests’ and ‘Mountain
spruce forests’ would decrease, although the driv-
ers influencing forest development are expected to
have less impact under this scenario. In contrast,
under ASC I, ‘spruce (mixed) forests’ are expected

to increase slightly in area by 2045 before decreas-
ing again by 2075. Notably, under ASC 1, several ex-
perts expected parts of the ‘mountain mixed forest’
to transition into spruce-dominated types depending
on location, reflecting the continuing importance of
spruce and pine in timber production, particularly
at higher altitudes. Although these types are quite
similar in terms of their appearance, this shows that
spruce (and pine) is expected to still have a future as
an important supplier for timber production under
ASC I and are therefore converted less quickly, es-
pecially in higher altitudes of mountain ranges. This
development becomes even clearer when looking at
the transition probabilities up to 2075 (Tab. 3).
Regarding the forest types into which the previ-
ous ones will be transformed, the trend is towards
mixed forests. For example, ‘mountain spruce for-
ests’ will primarily transform into ‘mixed mountain
forests’ (even more likely by 2075). At medium and
lower clevations, the ‘non-native spruce (mixed)
forests’ will be replaced by ‘beech (mixed) forests’
as well as other deciduous forest types. The ‘beech
(mixed) forests” would benefit most from this in the
medium term, with an initial increase of 10% by
2045, and of 16.1% by 2075. In addition, the ‘other
lowland deciduous forests’ (among them are oak-
dominated deciduous forests) could gain consider-
ably. In contrast to the SQ, there is less growth in

Tab. 3: Estimated area changes of forest types under three different scenarios of forest development for Bavaria. Values are
averages across the expert panel. For detailed transition probabilities between forest types see Supplementary Tab. 3.

Expected 2045 2075
area Alternative Alternative Status quo Alternative Alternative
change Status quo Scenario I Scenario II  scenario Scenario I Scenario II
scena?io ‘Intensification  ‘Resilient  “business ‘Intensification ‘Resilient
“business of use’ and close-  as usual” of use’ and close-
as usual” to-nature to-nature
forests’ forests’
Initial forest types s 5
(I) Mountain Spruce forest -3.9% -2.8% -6.9% -9.1% -55% -141%
(IT) Mountain mixed forest 2.0 % 2.5% 52% 5.6 % 5.6 % 9.1 %
(IIT) Non-native Spruce -16.4 % -14.4 % -26.8% -31.4% -283% -42.0 %
(mixed) forest
(IV) Native Spruce (mixed) -6.1% 0.8 % -7.3% -10.4 % -1.2% -13.8%
forest
(V) Pine (mixed) forest -32% -47% -6.7% -8.8% -10.9 % -12.1%
(VI) Beech (mixed) forest 10.0 % 6.3 % 15.6 % 16.1 % 11.1% 25.5%
(VII) Other lowland 6.8 % 3.0 % 10.1 % 13.2% 8.0 % 18.5 %
deciduous forest
: 5.6 % 4.2 % 8.3 % 10.7 % 9.4 % 17.5%
(VIII) Other lowland mixed
forest
(IX) Other land use 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 0.0 %
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broadleaf-dominated forests under ASC 1, especially
in ‘beech (mixed) forests’. There are also transitions
to spruce (mixed) forest in deciduous tree-dominat-
ed forest types, which corresponds to an opposite
development compared to SQ. Under ASC 11, the
‘beech (mixed)’ and other deciduous forests would
gain importance to the detriment of the three conif-
erous forest types. The ‘beech (mixed) forests’ could
therefore increase by 25.5% until 2075.

It should be emphasized that these projected
changes concern only proportions of forests expect-
ed to shift between types within the forest estate;
conversions to non-forest land uses (e.g., settlement,
agriculture) were consistently estimated to be low.
For both time horizons a similar pattern in terms of
transitions probabilities occurs, but transitions were
estimated to be more likely for 2075 (Tab. 3) and un-
certainty regarding probabilities among experts was
highest in the spruce and pine (mixed) forests (ac-
cording to standard errors for most target types, see
Supplementary Tab. 3).

Temperature
regulation [1/DTR]

Root decomposition
[%/1year]

Saprotrophic fungi
richness (OTUs

Organic carbon
in the soil [kg/m?]

Dung
decomposition
[%/48hours]

Carbon in
living trees [t/ha]

Phosphorus
availability

While consensus emerged on general trends
(decline of conifer dominance, rise of mixed and
broadleaf forests), expert estimates diverged in
magnitude and timing, especially for spruce and
pine types, highlighting the uncertainties of long-
term forest development under socio-economic and
climate change.

3.3 Ecosystem service potentials across forest
types and scenarios

When comparing the relative ESP across for-
est types and services, nine of the 13 ES show very
similar average levels across the eight forest types
(minimum value of 0.75). Only four ES show strong-
er differences between forest types: cover of salient
and edible plants, bark beetle control and nitrifica-
tion ability (Fig. 5). Comparing the absolute values
of ESP between forest types, a more differentiated
picture emerges with differences in average ESP be-

Cover of
salient plants [m?/ha]

Montane spruce
Native spruce
Nonnative spruce
Pine

Montane mixed
Lowland mixed
~—— Other broadleaf
Beech

Cover of edible
plants [m?/ha]

Timber production
[m*/halyear]

Fig. 5: Estimated average ecosystem service potential for eight forest types in Bavaria, indicated with colors. The
ecosystem service potentials are calculated relative to the maximum observed level across all forest types for each service and
range from 0 to 1 (maximum level). Ecosystem services are ordered counterclockwise based on the difference between high-
est and lowest ecosystem service potential, beginning with the ecosystem service that shows the smallest difference between

forest types.
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tween pairs of forest types (Supplementary Fig. 4).
Although statistically significant, these differences
are generally modest, suggesting that most forest
types deliver a broadly similar baseline of most ES.

Under the current composition of forest types
(NFI 2012; THUENEN-INSTITUTE 2016), root decom-
position and temperature regulation are the only ES
provided at the maximum relative level of 0.90 across
the whole forested area (forest share of 100% giv-
en as numbers within panels in Fig. 6). Most of the
other ES have a forest share lower than 50% at the
maximum relative level except for dung decompo-
sition, saprotrophic fungi richness, soil organic car-
bon and timber production (Supplementary Fig. 5).
When looking at lower levels of ESP (i.e. represent-
ing a strategy that does not aim for a maximization
of all ES in all forest areas), the forest shares increase
to a point where almost all ES are provided at a mini-
mum level across the entire forest area (level 0.25 in
Supplementary Fig. 5).

For some services, such as root decomposition
and temperature regulation, no scenario-related dif-
ferences emerged, largely because these services al-
ready reach near-maximum levels across Bavaria’s for-
ests. Both ES are mainly influenced by the evenness
of the shrub layer in the predictive models used to es-
timate the ES (SimMoNs et al. 2021) which itself shows
only little variation across forest types in our study.

The differences between scenarios and the cur-
rent situation as well as within scenarios show very
variable patterns (Fig. 6, Supplementary Fig. 5).
However, in almost all cases within ES, only the
magnitude but not the direction of change differs
between scenarios or time horizons. The only excep-
tions are carbon in living trees, timber production
and cover of salient plants. For those ES, the ASC 11
shows changes in the opposite direction than the SQ
or ASC I. When comparing the direction of change
across those three ES, clear trade-offs between sce-
narios can be seen (Fig. 5). While the SQ and ASC
I will lead to only slight declines in forest share for
cover of salient plants and carbon in living trees,
timber production shows much stronger declines
in forest shares. The trade-off becomes even more
pronounced under ASC II as timber production will
lose up to 4% in forest share while carbon in living
trees and salient plants will gain. Although a change
in forest shares below 5% has relatively minor impli-
cations for ES with large forest shares, such a change
can have a potentially large effect if the current forest
share is relatively small. For example, forest shares
for cover of salient plants and potential nitrification
at the highest level are only 20% and 10%, meaning

that an increase of 2% forested area is equivalent to
an increase by a tenth or a fifth of the current forest
area respectively.

Opverall, the ESP modeling suggests relative
stability across forest types and scenarios, though
trade-offs between provisioning and regulating set-
vices persist and may intensify depending on scenar-
io pathways.

4 Discussion and conclusion

This study introduced a novel interdisciplinary
approach to scenario-based ES modeling which
bridges the gap between theoretical scenario devel-
opment and stakeholder perspectives and achieves
realism, scalability, and comparability of ES sce-
narios in forests. Combining expert-driven Delphi-
derived scenarios, standardized modeling of forest
cover change, and quantitative ES assessments, it ac-
counts for diverse drivers of forest change while en-
suring spatially explicit and scalable outcomes. Using
Bavaria as a case, this study demonstrates how this
framework captures complex ES trade-offs and tran-
sitions across forest types, illustrating the potential
of a stakeholder-based framework to explore possi-
ble ES futures and inform sustainable forest man-
agement across scales.

4.1 Realism, scalability and comparability of our
approach

Sustainable forest management needs to address
different drivers of forest development like climate
change, pests, and declining tree health (HooGsTrA-
KLEIN et al. 2017, BEGEMANN et al. 2021), but previous
approaches have failed at comprehensive scenario-
building and hence lack realism (MORAN-ORDONEZ
et al. 2019). Instead of trying to build complex theo-
retical scenarios, our approach uses expert knowledge
which integrates a broad range of drivers, including
climate change, socio-economic factors, and policy
to develop plausible scenarios of forest change. While
there is a trend to extend scenario timelines to longer
horizons, particularly in the forest context, this chal-
lenges realistic expert assessments due to the increas-
ing uncertainty of predictions (HOOGSTRA-KLEIN et
al. 2017) which we also saw in our case study. To ad-
dress this, we recommend a balanced approach with
medium- and long-term perspectives, ensuring sce-
narios of forest development are both plausible and
sufficiently forward-looking,
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° 87%
° Temperature regulation [1/DTR]
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° Timber production [m*halyear]
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Fig. 6: Percentage of the forest area (forest share) which reaches at least a relative level of 0.9 in ecosystem
service potential (ESP) and its change under different scenarios. Colors indicate the different scenarios and
timespans. SQ (blue): Status quo scenario with no change in drivers. ASCI (green): Alternative scenario I ‘Intensifica-
tion of use’. ASCII (orange): Alternative scenatio II ‘resilient and close-to-nature forests’. The relative level of ESP
is calculated relative to the maximum observed level across forest types within each ecosystem service (panels). The
difference in forest share (x-axis) is calculated in comparison to the current situation which is given as percentage
in the lower right corner of each box. For example, according to the 2012 NFI, 61% of the forest area has a dung
decomposition rate at or above an ESP level of 0.9. Changes in forest share for different ESP levels are given in
Supplementary Fig. 5.

A central contribution of our approach lies in
enhancing realism by linking expert-based sce-
narios with spatially explicit forest composition, re-
sulting in quantitative estimations of forest develop-

ment which can be linked with empirical ES models.
Previous studies often relied on either qualitative
valuation of forest types for their ES potential (e.g.,
Hauck et al. 2013, MozGeRis et al. 2017, HALLBERG-
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SrAMEK et al. 2023) or used indicators derived from
forest-growth models that tend to prioritize wood
biomass (BiBER et al. 2015, TROMBETT! et al. 2015).
Although forest-growth indicators offer an improve-
ment in quantitative accuracy, they fail to account
for ecosystem characteristics beyond what the mod-
els explicitly represent. By using empirical models of
ecosystem functions derived from real-world data,
our approach captures how ES are tied directly to
specific forest characteristics and ecosystem process-
es. Combining scenarios of forest development with
empirical ES models offers deeper insights into the
interplay of forest drivers and ESP, for instance be-
tween changes in dominant tree species and nitrifi-
cation activity, edible plant cover, or bark beetle con-
trol. However, while these models capture important
ecosystem processes, they remain simplifications of
complex dynamics.

The comparability of ESP across forest types
showed that despite differences in species compo-
sition among scenarios, most ESP were provided
consistently at a minimum level throughout the
landscape, with stronger variation observed only
for a few services tied to specific forest structures
or species. For example, beech (mixed) forests ex-
hibited higher provisioning levels for certain cul-
tural services, consistent with findings from other
European studies (TEw et al. 2019). This suggests
that targeted forest conversions — rather than wide-
spread changes — can maintain key ESP while al-
lowing for adaptability to future demands, such as
biodiversity protection or climate resilience. Future
studies could further enhance comparability by
quantifying the relative importance of ESP across
regions and integrating community preferences for
ES provisioning (FAGERHOLM et al. 2020, PETER et
al. 2022). However, the observed stability of ESP
across scenarios should be interpreted cautiously.
For many services, differences between forest types
are relatively small in the underlying empirical
models, which limits the magnitude of scenario-
driven variation. In addition, ESP were expressed
as relative values normalized to observed maxima,
which facilitates cross-service comparison but may
dampen absolute differences between scenarios.
Consequently, the apparent stability of ESP reflects
both genuine robustness of service provision across
forest types and methodological characteristics of
the ESP modelling and scaling.

Our approach can be adapted to different con-
texts or regions with varying socio-ecological condi-
tions, ensuring scalability of both forest develop-
ment scenarios and ESP. As ESP are based on forest

types which can be defined based on the conditions
and needs of each case study, forest management rec-
ommendations can be applied from local to regional
levels. For example, a mix of forest types could be
prioritized in landscape-level planning to address
trade-offs effectively (SiMONs et al. 2021) while deci-
sions at the local level can focus on forest types with
high potential for specific ES.

4.2 Integrating socio-economic contexts enhanc-
es ecosystem service predictions

The most advanced estimations of ESP in
European forests rely on standardized large-scale
forest inventory data and detailed forest-growth
models. These models simulate tree growth based
on well-established biological processes and can
incorporate climate change scenarios and man-
agement strategies. GREGOR et al. (2024) recently
extended this approach with mathematical opti-
mization to project future ES provisioning across
Europe. While powerful in offering impressive
scalability and precision, such approaches remain
constrained by reliance on mathematical assump-
tions, which may not fully reflect socio-political and
value-based drivers. For instance, socio-economic
considerations such as ownership structures, public
acceptance, and policy drivers play an increasingly
prominent role in shaping forest development tra-
jectories (Kok et al. 2015, EGGERs et al. 2019) and
must be explicitly considered.

Interestingly, the expert-based scenarios devel-
oped in our study align with some results of GREGOR
et al. (2024), particularly in predicting a shift to-
wards broad-leaved and mixed forests. However, the
changes predicted by their optimization model were
significantly more radical compared to our scenar-
ios. Once GREGOR et al. (2024) incorporated social
and political constraints, the predicted forest com-
position resembled the more moderate transforma-
tions described by the experts in our case study. This
comparison illustrates the added value of grounding
scenarios in localized expertise and practical forest-
ry contexts: diverse expert input captures socio-eco-
nomic and value-based drivers that cannot be easily
quantified or incorporated into algorithms, improv-
ing the realism of forest scenarios. Similar findings
have been reported in other complex systems such
as the energy transition (REvez et al. 2020). Both
approaches — optimization-based and expert-in-
formed — are therefore best seen as complementary,
with potential synergies when combined.
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In addition to integrating socio-economic as-
pects into forest development prediction, our ap-
proach also advances the realism of ES modeling.
For forest management, this combination is particu-
larly valuable. It enables the development of strate-
gies that balance trade-offs between ES, such as tim-
ber production and biodiversity conservation, while
maintaining realistic assumptions about social, eco-
nomic, and ecological constraints. Furthermore, by
embedding diverse stakeholder perspectives into
the modeling process, this approach ensures greater
alignment with regional and local needs, ultimately
improving the applicability of forest development
scenarios for policy and management planning.

On a broader scale, combining expert-driven
scenario development with empirical modeling of-
fers valuable insights into the interplay between so-
cial values, ecological parameters, and their trans-
lation into actionable scenarios. This enables poli-
cymakers and stakeholders to ground decisions in
both ecological realities and social expectations,
facilitating more informed and adaptive strate-
gies. Compared to more theoretical or mathemati-
cally optimized scenario assessments, our approach
tends to generate scenarios that are less extreme and
potentially more alighed with plausible, socially ac-
ceptable outcomes. This balance between ecological
foresight and social grounding makes the method-
ology transferable to other contexts, where it can
support the development of policies tailored to
specific ecosystems and societal goals. Traceability
between qualitative scenario narratives and quan-
titative outcomes is ensured through the explicit
translation of expert assessments into forest type
transition probabilities. Nevertheless, expert disa-
greement and necessary aggregation steps influence
how narratives are reflected in the spatial modelling.
Averaging transition probabilities produces inter-
nally consistent scenario inputs but may smooth di-
vergent expectations, while technical constraints of
the Scenario Generator further shape how expert-
defined changes are implemented spatially. These
factors contribute to the moderate, non-extreme
character of the resulting scenarios.

4.3 Limitations and further research demands

Despite the strides toward creating realistic sce-
narios of ESP, several sources of uncertainty influ-
ence the results of this study. These include vari-
ation and disagreement among expert judgements,
attrition between Delphi rounds, constraints of the

spatial scenario implementation, and uncertainties
related to transferring empirical ESP models beyond
their original calibration contexts. Together, these
factors affect both the range and the interpretation
of projected forest transitions and ESP outcomes. In
detail, the following limitations must be acknowl-
edged. First, interdisciplinary methods such as ours
inherently demand greater investment in expertise,
time, and financial resources compared to simpler,
unstructured expert consultations. Implementing
the Delphi method, in particular, is time-intensive,
and expert participation can be challenging. Similar
to other studies (STRAND et al. 2017), we observed
moderate levels of participation and some panel at-
trition between rounds, which required additional
effort to remind and motivate experts. Additionally,
our expert panel was somewhat unbalanced, with a
stronger representation of scientific experts com-
pared to forest management practitioners. While
some scientific participants had practical experi-
ence, the lack of a motre even distribution could
have influenced the perspectives captured in the
scenarios. This imbalance implies that scenario nar-
ratives may more strongly reflect scientific framings
of forest change, while practical implementation
constraints and experiential knowledge from forest
managers may be underrepresented.

Another limitation lies in the empirical data
underlying the ecosystem function models. These
models were built on observational studies covering
a broad range of forest types but may not reflect the
most current forest dynamics and extending these
models to forest types outside the original study
regions introduces uncertainty. This asymmetry
may lead to deviations from expert expectations,
particularly where substantial reductions in specific
forest types were anticipated but could not be fully
realized in the spatial implementation. Ideally, ap-
plying our approach to another case study would
involve repeating the process with tailored empiri-
cal data and expert input, which can be resource-
intensive (Price et al. 2012, EGGers et al. 2019).
Furthermore, the drivers of forest development in
our scenarios were not fully explored in terms of
their mutual interactions, which could be a focus
for future research. Integrating these complex inter-
actions might yield deeper insights into forest eco-
system dynamics and improve the accuracy of ESP
projections.

Despite these limitations, the interdisciplinary
framework we developed offers significant value. It
moves beyond purely theoretical forest cover sce-
narios and qualitative ESP assessments to deliver
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grounded, policy-relevant insights. This approach
can be adapted to other forest contexts, ecosystems,
and landscapes globally, provided that the neces-
sary data (e.g., forest inventory data) and expertise
are available. By addressing key issues such as cred-
ibility, salience, and legitimacy in ESP modeling
and scenario development (Hauck et al. 2013), the
framework provides a robust foundation for evi-
dence-based decision-making and sustainable forest
management.

4.4 Policy implications

The assessment of forest types and their tran-
sition probabilities under various scenarios high-
lighted several key patterns. Experts rated the status
quo scenario as the most likely, suggesting a strong
tendency toward continuity in current forest man-
agement practices. This reflects a gradual shift to-
ward climate-smart forestry, aligning with broader
calls for adaptive forest management strategies
(BowbrrcH et al. 2020). Unlike some other studies
predicting more extreme forest composition chang-
es under climate or policy pressures (e.g., GREGOR
et al. 2024), our expert-based approach anticipates
slower, incremental adjustments. This tempered
outlook underscores the importance of policy and
management interventions to accelerate transitions
toward multifunctional forests capable of support-
ing diverse ESPs. In conclusion, our approach
demonstrates the potential for balancing trade-offs
between forest ES, while achieving sustainable for-
estry goals, consistent with findings from similar
European contexts (VAN DER PrLas et al. 2018). We
emphasize that achieving balanced ESP provision-
ing does not require every forest type to meet all
services equally. Instead, forests can be managed to
specialize in different ESPs, depending on their lo-
cal conditions and ownership structures, which re-
quire careful negotiation and social consensus.
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