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Abstract
Forest management faces growing uncertainty concerning environmental conditions and demand for ecosystem services. To 
help forest managers consider uncertainty, we applied a robust and multi-criteria approach to select the optimal composi-
tion of a forest enterprise from 12 stand types. In our simulation, the forest enterprise strives for either financial return or a 
multi-criteria forest management considering financial return, carbon storage and forest ecosystem stability. To quantify the 
influence of climate change on these decision criteria, we used the concept of analogous climate zones. Our results provide 
recommendations for long-term strategies for tree species selection in a Southeast German forest enterprise. The results show 
that considering both uncertainty and multifunctionality in forest management led to more diversified forest compositions. 
However, robust and multi-criteria optimisation required the forest enterprise to pay a premium in terms of lower income. 
Financial returns decreased when forest composition accounted for uncertainty or multiple objectives. We also found that 
adaptation measures could only partly financially compensate the effects of climate change. As the study is limited to two 
tree species, including additional tree species, variants of mixing proportions and further silvicultural strategies in the opti-
misation appears a promising avenue for future research.
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Introduction

Climate change drives the frequency and extent of dam-
ages to forests (Lindner et al. 2010; Kovats et al. 2014; 
Allen et al. 2015). Forest owners increasingly experience 
the natural and financial risks associated with changing 
climatic conditions. Extreme dry weather conditions in 
2018 (Buras et al. 2019; Schuldt et al. 2020), 2019 (Mag-
nusson 2019) and 2020 (Zimmermann and Raspe 2020, 
2021) led to massive diebacks and bark beetle infestations 

in European coniferous stands, with hundreds of thousands 
of hectares affected (Bundesministerium für Ernährung 
und Landwirtschaft (BMEL) 2019; Czech Statistical Office 
2019; Office National de Forêts 2019). The reforestation 
of these devastated areas is an urgent topic. Tree species 
composition and management of these areas determine the 
resistance against natural hazards and the future provision-
ing of ecosystem services (Duncker et al. 2012; Gamfeldt 
et al. 2013; Jactel et al. 2017). Natural adaptation of for-
est stands to climate change is highly uncertain, as is the 
extent to which silvicultural measures can buffer nega-
tive consequences of climate change for ecosystem ser-
vice provisioning. Nevertheless, forest owners must select 
tree species when re-establishing harvested or damaged 
stands. Additionally, they must decide on silvicultural 
alternatives and treatment when managing existing forest 
stands. Therefore, forest owners aim to actively adapt for-
est management practices and seek silvicultural options 
under climate change. Decision makers may consider both 
risk management and the uncertain demand for forest eco-
system services when determining best forest management 
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practices. However, balancing risk and return comes at a 
cost for investors (Markowitz 1952). Previous studies also 
indicate that multifunctionality, which is considered a key 
concept to sustainable forest management (Mendoza and 
Prabhu 2000), may lead to additional costs or lower levels 
of ecosystem services (Vincent and Binkley 1993; Jacob-
sen et al. 2013). A quantification of forest management 
costs that strives for both risk balance and multiple ecosys-
tem services may therefore prove beneficial for choosing 
the right climate change adaptation strategy for forests.

The extent of rising temperatures and frequency of haz-
ards caused by climate change is uncertain. Climate varia-
tion is one of the most important drivers of tree mortality, 
influencing ecosystem services at a large scale (Neumann 
et al. 2017). Therefore, forest enterprises will have to man-
age forest areas with considerably higher natural risks. 
Increasing temperatures combined with shifts in the dis-
tribution of precipitation result in a growing gap between 
the climatic conditions of the current distribution of many 
tree species and their ecological niche. As a result, the tree 
species’ productivity and their area of potential distribu-
tion may decrease (Davis and Shaw 2001; Falk and Hemp-
elmann 2013; Hanewinkel et al. 2013; Allen et al. 2015; 
Gutsch et al. 2016). Despite the limited resistance of today’s 
widely distributed coniferous tree species to the effects of 
climate change (Sykes and Prentice 1996; Thuiller et al. 
2005), they still comprise considerable areas of natural or 
artificial regeneration. For example, the National Forest 
Inventory in Germany (Thünen Institut 2014) and the For-
est Carbon Inventory (Thünen Institut 2019) showed that 
Norway spruce (Picea abies (L.) H. Karst.) and Scots pine 
(Pinus silvestris L.) comprised 36% of all stands younger 
than 21 years.

In addition to climate change, forest ecosystem manage-
ment has to consider the preferences of forest owners and 
the expectations of society. Pasalodos-Tato et al. (2013) 
described those preferences as a prominent source of uncer-
tainty in forestry. The demand for ecosystem services of 
future generations may differ from those of today’s society, 
but this has seldom been addressed in forest management 
(Yousefpour et al. 2012). Hurmekoski and Hetemäki (2013), 
among others, state that energy from forest products or bio-
chemistry are emerging markets. Additionally, Seidl et al. 
(2019) emphasised the importance of regulating ecosystem 
services, for example climate change mitigation (Popkin 
2019). Therefore, tree species selection should provide 
a minimum level for a wide range of ecosystem services 
regardless of their value for today’s forest owners or society 
(e.g. a possible preference of carbon storage or biodiversity 
over other regulating or financial ecosystem services). This 
is especially necessary, as changes to forest composition dur-
ing a rotation period are difficult to achieve without losses of 
ecosystem services (Möhring and Rüping 2008).

Forest management may consider these changing natu-
ral conditions and changing preferences as uncertainties. 
Walker et al. (2013) defined five different levels of uncer-
tainty ranging from “complete certainty” to “total igno-
rance”. Within level 1 uncertainty, decision makers know the 
possible outcomes or scenarios and have point estimates for 
the probability of each outcome/scenario occurring. Level 2 
uncertainty reduces the point estimates to a confidence inter-
val for the probability of each outcome. Level 3 uncertainty 
still allows decision makers to identify different outcomes 
and rank them in terms of likelihood. Level 4 uncertainty 
means that decision makers can still identify alternative sce-
narios but cannot attribute probabilities or rankings to the 
likelihood of their occurrence. Level 5 uncertainty means 
that the future is completely unknown, and decision mak-
ers are aware of that fact (Walker et al. 2013). Radke et al. 
(2017) considered level 4 uncertainty as plausible for the 
context of climate change. A method to address uncertainty 
is robust optimisation, which searches for acceptable solu-
tions for a large range of possible input data (Ben-Tal et al. 
2009). Some examples of robust decision making in for-
estry include harvest scheduling (Palma and Nelson 2009), 
rehabilitation of bark beetle infested forest stands in Brit-
ish Columbia (McDaniels et al. 2012) and optimising stand 
structure (Messerer et al. 2017). These studies focused on 
balancing uncertainty associated with a single (usually 
financial) objective. However, today sustainable forest man-
agement may often consider more than one criterion (Biber 
et al. 2015; Diaz-Balteiro et al. 2017b; Hilmers et al. 2020).

Multi-criteria decision making techniques aim to satisfy 
different, potentially conflicting demands of decision mak-
ers (Shavazipour and Stewart 2019). Multi-objective opti-
misation has already been applied in forest management to 
consider several ecosystem services (Diaz-Balteiro et al. 
2017a). These previous studies, however, did not consider 
uncertainty associated with input coefficients. In addition, 
examples for continuous optimisation are scarce, as many 
multi-criteria and forest-related studies use discrete, pre-
defined scenarios and apply ex post multi-criteria assess-
ment. Creutzburg et al. (2017) evaluated three different 
management scenarios in terms of carbon storage, financial 
return and mature forest habitat under different models for 
future climate projections. Eggers et al. (2019) and Hilm-
ers et al. (2020) included additional ecosystem services and 
management scenarios, but still reverted to ex post analyses. 
As one of the first, Uhde et al. (2017) combined multi-cri-
teria decision making and robust optimisation in forestry to 
include uncertainty. They used compromise programming 
to calculate forest portfolios in Chile consisting of differ-
ent stand types. These portfolios balanced the provisioning 
of multiple ecosystem services simultaneously. However, 
indicator values of the ecosystem services provided by each 
stand type were subject to uncertainty. To account for this, 
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Uhde et al. (2017) integrated non-stochastic robust decision 
making. Knoke et al. (2020) built upon this approach by 
optimising land-use in Ecuador with multiple objectives 
when considering uncertain indicator values. With a refer-
ence point method that integrates robust optimisation, they 
analysed the influence of the decision makers’ perspective 
on future landscape composition. However, none of these 
case studies addressed site variation and climate change, but 
focused on specific site conditions under today’s climatic 
conditions.

We address this research gap by formulating a model 
that integrates robust optimisation to multi-criteria deci-
sion making for different regions under climate change. 
The optimisation algorithm could choose between different 
management alternatives for stands, not only pure stands of 
different tree species as in previous studies. Our aim was to 
support forest enterprises in selecting silvicultural strategies 
and the optimal composition for their future forest. We want 
to support multi-criteria tree species and stand type selection 
as well as minimise trade-offs across multiple uncertainty 
scenarios and ecosystem service indicators under climate 
change. Our climatic setting includes both a region consid-
ered very suitable for the cultivation of Norway spruce and 
the analogous climate region for the IPCC’s representative 
concentration pathway (RCP) 8.5 scenario (Pachauri et al. 
2015). The influence of the climate on the survival probabil-
ity of our tree species is the main aspect of climate change 
considered. Stand types include two of the most common 
and important tree species in Germany, Norway spruce and 
European beech, while thinning or not and the length of the 
rotation period formed the silvicultural setting. Considering 
uncertainty, climate change and multiple objectives, the fol-
lowing research questions guide our study:

1.	 Uncertainty: How does considering uncertainty influ-
ence optimal forest area composition? How does adapta-
tion to uncertainty influence financial return?

2.	 Climate change: How does climate change influence 
optimal forest composition? What are financial conse-
quences if forest owners decide not to adapt to climate 
change?

3.	 Multiple objectives: What is the effect of changing from 
a single objective optimisation to multi-objective opti-
misation on forest area composition? What are the con-
sequences of changing objectives on ecosystem service 
provisioning?

Materials and methods

In this section, we first outline our general modelling 
approach, before describing the single elements of the 
model. We designed a static simulation study for Southeast 
Germany to integrate uncertainty into forest management for 
tree species and stand type selection. We chose an approach 
without a dynamic realisation of climate change and adap-
tation measures, because tree species and especially stand 
type selection is a long-term investment that cannot easily 
be adapted. The first component of our model is a simula-
tion of different virtual stand types for management options. 
They provided the natural data, which we created with the 
forest growth simulator SILVA 2.3 (Pretzsch et al. 2002) 
(#1 in Fig. 1). Tree species and their mixture, treatment 
and rotation length defined those stand types, thus offer-
ing a choice of common silvicultural adaptation measures 
to climate change. We simulated forest stands for two model 
regions with substantially different climate parameters. For 
the stand types, we calculated indicator values with a Monte 
Carlo simulation (#2), which included a climate sensitive 
survival model. Prerequisites for robust decision making 
under uncertainty were uncertainty scenarios for the indi-
cator values (#3). These scenarios represent assumptions 
about a wide range of possible model parameters. Finally, 

Fig. 1   Illustration of the simula-
tion modelling concept Decision 
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our simulation optimised the allocation of forest area to dif-
ferent stand types (#4) to achieve a single or three objectives.

From the results of our optimisation model, we con-
structed various possible long-term planning compositions 
for forest enterprises in Southeast Germany facing several 
scenarios. For a traditional objective, the enterprise strived 
for financial return only, which was the first baseline. As 
the second baseline, the enterprise was located in a climate 
that, at least in the past, has been suitable for the cultivation 
of Norway spruce and European beech (see below at sec-
tion “representative stand types”). However, to account for 
climate change, we assumed an unfavourable climate with 
a distinct temperature increase and slightly lower precipita-
tion, representing the RCP 8.5 scenario. Furthermore, the 
forest enterprise managers might choose to include more 
ecosystem service objectives and strive for multifunctional 
forestry. This was a scenario for the two respective climate 
settings. Altogether, this resulted in four scenarios for our 
virtual forest enterprise (Table 1), which we abbreviated 
with FinCool, FinWarm, MultCool and MultWarm. The 
Shannon index served as a measure for diversification of 
the enterprise land-use portfolios (Nagendra 2002). Usually 
a measure for biodiversity, Knoke et al. (2015) and Ochoa 
et al. (2019) used the Shannon index (H) to measure the 
diversity of an agricultural landscape. But Shannon’s H also 
served as a measure for diversification in economic studies 
(Adeola and Evans 2017, Pede 2013). We transferred the 
Shannon index to our study and compared the intensity of 
diversification in forest portfolios (forest area composition). 
Shannon’s H was calculated from the decimal shares of the 
forest enterprise area which the stand types had. In this 
manuscript, the Shannon index compared the diversification 
of the forest enterprise portfolios. The higher the Shannon 
index value, the greater the number of stand types included 
in a given portfolio and the more even their distribution.

Including risk and uncertainty in forest planning 
with robust optimisation

We applied a robust and multi-objective methodology to 
deal with the Level 4 uncertainty associated with climate 
change (Detten and Hanewinkel 2017) and the uncertain 
future preferences for various ecosystem services. In robust 
optimisation, solutions are feasible for many scenarios of 
input parameter manifestations (Ben-Tal and Nemirovski 

1999). An input parameter quantifies the contribution of a 
specific forest stand type to a specific decision criterion. 
In our case, we selected ecosystem services (see below 
“indicator values”) to quantify a stand type’s contribution 
to the decision criteria. The indicator values of these eco-
system services serve as parameters. The many combina-
tions of these input parameters are the discrete uncertainty 
scenarios (Gorissen et al. 2015), which form the surface of 
the uncertainty spaces. We constructed those with all pos-
sible combinations of optimistic values ( E ) and pessimis-
tic values of ecosystem service indicators for each stand 
type (see Supplementary S1.1). The uncertainty factor,m , 
regulated the level of uncertainty. m was a multiple of the 
standard deviation of the indicator value. To calculate the 
pessimistic values and thus control the size of the uncer-
tainty spaces, we subtracted the standard deviation m-times 
from the optimistic indicator values. Thus, we constructed 
box-shaped uncertainty spaces and applied a very strict 
non-stochastic robustness model. We only used indicators 
where higher indicator levels were considered better. Thus, 
the standard deviation had to be subtracted to create pessi-
mistic values. For each uncertainty scenario, the best value 
of E was the ideal point for the respective indicator, which 
a decision maker tries to achieve. Consequently, we called 
the most pessimistic value in each uncertainty scenario the 
anti-ideal point. We analysed the effect of different sizes of 
the uncertainty spaces withm ∈ (1, 2, 3, 4) . m = 1 reflects a 
forest manager with low risk aversion. We refrained from 
using m = 0 or m = 0.5 as we considered this as risk neutral. 
m = 3 is a reasonable level for a forest manager to consider 
uncertainty in management planning. It spans uncertainty 
spaces by three times the standard deviation of the indicator 
estimates, including 99% of the probability distribution of 
results. Therefore, we refrained from explaining results for 
an uncertainty factor ofm = 4 , which we considered of low 
practical relevance. However, optimising with m = 4 allowed 
us to check our model for consistent results at larger uncer-
tainty spaces. This span is analogous, for example, to the 
concept of Value-at-Risk (Jorion 1997, 2009). Here, appli-
cations with high standards concerning safety (e.g. medi-
cal production) use a 99%-Value-at-Risk, setting a safety 
threshold that accepts only the worst 1% of cases. To focus 
on risk aversion, we limited this concept to the negative side 
of the results, ignoring positive deviations (opportunities). 
Thus, the consideration of uncertainty was one-sided and 

Table 1   Labels of the scenarios 
for the virtual forest enterprise

Climate scenario Objective scenario

Financial return Multifunctional forests

Cool average precipitation FinCool MultCool
Warm low precipitation (climate change) FinWarm MultWarm
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again very strict in its robustness. The indicator values of 
the uncertainty scenarios were the input parameters for the 
ensuing optimisation process.

Multi‑objective optimisation

Our approach to integrate robust optimisation into multi-
objective optimisation was based on Knoke et al. (2020), an 
agricultural land-use study in Ecuador researching the effect 
of robust multi-objective optimisation on deforestation. We 
applied their methodology to a forestry setting and added a 
worst-case climate change scenario and a sophisticated sur-
vival model. Specifically, we used a reference point method 
(see Estrella et al. (2014) for a description of such methods). 
The reference point is the relative ideal indicator level that 
cannot be achieved for all ecosystem services, and uncer-
tainty sets simultaneously, unless a perfect solution exists for 
only one forest stand type, under all uncertainty scenarios. 
This was not the case in our study. We aimed to find a solu-
tion (i.e. dispersal of stand types) that constituted a compro-
mise between achieved indicator values and the ideal points 
for each decision criterion across all uncertainty scenarios. 
The algorithm’s objective function, therefore, minimised 
the maximum distance � between the actual performance 
level of a portfolio and its reference point (Diaz-Balteiro 
et al. 2007; Estrella et al. 2014; Diaz-Balteiro et al. 2018). 
As the uncertainty scenarios provided the reference points 
and indicator values for this compromise solution, we inte-
grated robust optimisation into our multi-criteria approach. 
To also account for the uncertainty of future preferences for 
ecosystem services, we refrained from assigning weights to 
the objectives. This way all objectives had an equal prob-
ability to be part of the decision makers’ preferences. For a 
detailed description of the optimisation algorithm and the 
robustness of the approach, see Knoke et al. (2020) and the 
supplementary material.

Indicator values

The input parameters for the optimisation process were 
indicator values and the associated variation for three eco-
system services: financial services, climate protection and 
ecosystem stability (see Table 2). As a baseline scenario, 
we considered the single objective of maximising financial 
services for a forest enterprise. We chose the financial return 
in terms of financial annuity as the indicator for financial 
services from forestry. To account for the uncertainty in the 
future preferences, however, we created a second scenario, 
in which we expanded the set of objective functions by two 
further objectives: climate protection and ecosystem stabil-
ity. We included carbon storage as an indicator for climate 
protection in our model. The survival of forest stands against 
hazards reflected forest stability, allowing for a continuous 
forest management.

Calculation of the indicators

This section starts with a description of the general approach 
to calculate the indicators. The details for the indicators and 
the specific setting of our model follow in the next subsec-
tions and sections. To generate frequency distributions of 
financial return and carbon storage, we used a Monte Carlo 
simulation (MCS). From the frequency distributions, we 
derived the average indicator values and standard devia-
tion of the decision criteria for the reference point method 
and the uncertainty spaces. Engelhard and Anderson (1983) 
introduced MCS as a tool to calculate probability distribu-
tions of returns. Since then, MCS have successfully sup-
ported economic studies under consideration of risk in for-
estry (Dieter 2001; Thiele et al. 2017). The MCS in our 
model repeatedly simulated rotation periods where sur-
vival probabilities and price fluctuations (Roessiger et al. 
2013) served as components of uncertainty. Table A1 in the 

Table 2   Objectives and their indicators for the optimisation of forest enterprise area

Objective Indicator Unit Description Source

Financial services Financial return (Annuity) Euros per hec-
tare and year 
(Euros ha−1 yr−1)

Annualised discounted cash flows 
for an unlimited number of 
rotations (soil rent)

Blanco et al. (2015), Ficko et al. 
(2019)

Climate protection Carbon storage Tonnes of carbon per 
hectare and year 
(tC ha−1 yr−1)

Contribution of forestry to 
climate change mitigation by 
storing carbon in living and 
dead above ground biomass 
and forest products, and carbon 
emissions avoided by substitu-
tion

Hernandez et al. (2014), Härtl 
et al. (2017), Köhl et al. (2020)

Ecosystem stability Survival rate S Probability ( 0 < S < 1) A stand’s probability of reaching 
the rotation age as a proxy 
for the stability of the forest 
ecosystem

Tom et al. (2007), Araújo et al. 
(2011), Lemes et al. (2014), 
Keenan (2015), Andersson 
et al. (2018)
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appendix displays all indicator values for the 12 stand types. 
We calculated the indicators for financial services and cli-
mate protection as average values per hectare and year. In the 
case of financial return, the annuity accounted for an infinite 
number of rotation periods. We interpreted the values for 
carbon storage similarly for an unlimited planning horizon, 
although we only considered a single rotation period. Eco-
system stability in the meaning of a probability was constant 
for each of the unlimited rotation periods. This allowed for 
a comparison of stand types and enterprise portfolios with 
different rotation ages. The starting points for our planning 
were derived from the climate data present in the WorldClim 
database (Fick and Hijmans 2017; WorldClim 2018). Past 
climate data were available for the period 1970 to 2000. The 
Max-Planck-Institute Earth System Model (MPI-ESM-LR) 
projected the changes in climate as averages for the years 
2060 to 2080. Accordingly, we set the year 2070 as the rep-
resentative year for climate change in our study. Our plan-
ning horizon is theoretically an unlimited number of rota-
tion periods with constant climatic conditions (Faustmann 
approach). The different rotation ages, species, mixtures and 
treatment concepts mentioned here are explained in the sec-
tion “representative stand types”.

Financial return

The net present value is a common indicator for comparing 
different investment alternatives (Bullard and Straka 2011). 
As we intended to vary the rotation age of our stand types, 
the soil expectation value, SEV (Faustmann 1849), allowed 
for a better comparison of investment alternatives with dif-
ferent rotation ages. The forest enterprise in our study aimed 
to maximise the annualised SEV and for the calculation of 
the annuities, we followed Friedrich et al. (2019). For the 
simulation, we referred to wood prices achieved by the state 
forest in Bavaria which are slightly above the Central Euro-
pean level (Bayerische Staatsforstverwaltung/ Bayerische 
Staatsforsten 1976—2015). The harvesting and extraction 
costs were subtracted according to Messerer et al. (2017). 
We applied a discount rate of 2% as a baseline (Möhring and 
Rüping 2008). In case a hazard occurred in the MCS, the 
returns from salvage logging were 50% lower than during 
regular harvests. This accounted for reduced timber quality 
and higher harvesting costs (Dieter 2001).

Carbon storage

Our model for carbon sequestration follows suggestions by 
Härtl et al. (2017) who consider the carbon stored in the 
living biomass and wood products. They also include the 
substitution of fossil resources for products and energy as 
a further carbon sink. We extend this approach by includ-
ing the carbon contained in dead wood. Rock et al. (2008) 

presented decomposition rates which we applied in our 
model to reduce the amount of carbon in dead wood over 
time.

Forest ecosystem stability against hazards

We defined forest ecosystem stability as the probability 
S of a forest stand to reach the desired rotation age. We 
adapted current survival functions for forest stands to the 
specific stand types and climatic conditions of our study. 
The model for tree species survival was age dependent and 
included climatic variables and the share of tree species 
as covariates (Paul et al. 2019; Brandl et al. 2020). From 
the survival functions, we calculated survival probability 
and specific hazard rate as uncertainty components for the 
MCS. The indicator value for ecosystem stability was the 
survival probability to reach the planned rotation length. 
The standard deviation of the binomial distribution of this 
survival probability was the measure for uncertainty.

Financial consequences of considering uncertainty, 
multiple objectives and adaptation

A risk premium is the minimum compensation a risk-
averse person would require to accept a risky decision. In 
our case, this can be a cost accepted by forest managers, 
when the expected return of a forest portfolio becomes 
lower as a result of diversification to protect against risks 
(Klemperer 1996). In the narrow sense of the word, the 
premium refers to financial returns but we applied the 
concept to all ecosystem services. To calculate the risk 
premium, we compared the portfolios’ ecosystem service 
values for different sizes of uncertainty spaces. Analo-
gous to the risk premium, a forest enterprise might have 
to accept losses under multifunctionality. We defined the 
“multifunctionality premium” as a cost from shifting from 
a single objective to multiple objectives, when this leads to 
lower expected levels for single ecosystem services due to 
a compromise solution. This multifunctionality premium 
therefore represents the opportunity costs arising from 
the waiver of higher ecosystem service provisioning for 
the single objective. To quantify the financial effect of 
adaptation measures, we recalculated ecosystem service 
provisioning for today’s optimal composition of stand 
types with the input coefficients from the climate change 
scenario. This represented a decision maker who chose not 
to adapt forests to climate change. We then compared the 
financial returns of today’s portfolio under climate change 
conditions without adaptation with those of a future opti-
mal forest portfolio.
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Geographical setting and climate scenarios

To explore the influence of climate change on tree species 
and stand type selection, we applied the concept of climate 
analogues (Hallegatte et al. 2007). Climate change will lead 
to substantially higher temperatures in Germany. For the 
RCP 8.5 scenario, DWD (2020) projects a short-term tem-
perature increase of 1.1 to 1.5 °C and long-term increase 
of 3.8 °C. However, trends in precipitation for Germany 
are uncertain, although it is likely that precipitation will 
decrease in summer and increase in winter (Kovats et al. 
2014). DWD (2020) concludes from climate simulations 
that under an RCP 8.5 scenario summer precipitation will 
decrease by 10% for the period 2071 to 2100. We selected 
two growth districts1 from southeast Germany, which fit the 
climate change projections. Historical climate data for the 
years 1965 to 1990 (Giorgetta et al. 2013; Fick and Hij-
mans 2017) showed that the Northeast High Plain had a 
mean annual temperature of 6.7 °C and a precipitation of 
745 mm annually and 197 mm in the warmest quarter. In 
the Lower Main Area, mean annual temperature was 49% 
higher (10 °C), and precipitation in the warmest quarter was 
10% lower (640 mm annually and 173 mm in the warmest 
quarter). Thus, the Lower Main Area could represent the 
climate change scenario in the period 2060 to 2080 for the 
Northeast High Plain as an analogous climate region. Our 
model assumes a steady climatic state instead of simulating 
a transition process of climate change. Decisions in forest 
management mostly have long-term character. For exam-
ple, forest enterprises cannot reverse tree species selec-
tion without the loss of ecosystem services and financial 
losses (Möhring and Rüping 2008). Therefore, we decided 
to neglect the transition process and directly started at the 
worse and more uncertain end of climate change. This is 
in line with our robust approach to account for the corner 
points of our box-shaped uncertainty spaces. The transition 
process induced by climate change with gradually worse 
growing conditions for tree growth in Germany lies within 
our uncertainty spaces.

Representative stand types

Virtual forest stands were used to create stand types for the 
optimisation algorithm. All simulations for stand develop-
ment and timber production were carried out with the sin-
gle-tree, distance-dependent forest growth simulator, SILVA 
2.3 (Pretzsch 2002). The simulated stands each covered one 
hectare. We adjusted SILVA 2.3 for the two different climate 

environments and assumed steady climatic and site condi-
tions (Hanewinkel and Pretzsch 2000). We added biotic and 
abiotic disturbances to the model with the above mentioned 
Monte Carlo simulation. Applying the approach given in 
Friedrich et al. (2019), age dependent survival functions 
(Paul et al. 2019; Brandl et al. 2020) reduced the probability 
that the stand types would reach their respective rotation age. 
These survival functions were climate sensitive, meaning 
that in the RCP 8.5 scenario the survival of stands was con-
siderably lower. The functions also differentiated between 
the tree species and were sensitive to admixing of other 
species. Therefore, European beech had a higher survival 
rate than Norway spruce, and mixed forest stands were more 
stable than monocultures. For example, the stand type “Pure 
Norway spruce–thinned–long (120 years) rotation age” in 
our analysis had a probability of only 21% (-21 percentage 
points lower compared to the cooler region) to reach the 
desired rotation age assuming the RCP 8.5 climate scenario 
(see Table A1). For the same stand type with a share of 50% 
of both species, the probability was 57% and only 14 per-
centage points lower than in the cooler model region.

The tree species included in our model were European 
beech and Norway spruce. We justified the tree species 
selection for our study both from a climatic and managerial 
point of view. We compared the climatic conditions in the 
model regions with tree species distribution models. Ammer 
et al. (2008) showed the climatic envelope of Norway spruce 
and European beech derived following the method of Hunt-
ley et al. (1995). A comparison with our climatic setting 
shows that the Northeast High Plain lies centrally in the 
climatic envelope of Norway spruce and slightly closer to 
the colder frontier of European beech. We consider this a 
suitable area for the cultivation of both species. The tem-
perature in the region Lower Main Area lies beyond the 
climatic envelope of Norway spruce. For European beech, 
the climatic variables are still within the climatic envelope, 
but clearly shift towards the warmer and drier frontier. Our 
approach with the climate analogous regions reflects the cli-
mate change-induced shift of species distribution that forest 
managers face today.

From a managerial point of view, Norway spruce and 
European beech are currently the most frequent and econom-
ically important conifer and broadleaved tree species, respec-
tively, and cover large areas of forest in Germany, especially 
in Southeast Germany. They will continue to cover substan-
tial forest area in the near future: Norway spruce comprised 
28% and European beech (Fagus sylvatica L.) 12% of all for-
ests stands in the 1—20 year age class, according to the 2012 
National Forest Inventory (Thünen Institut 2014). Beech is 
the standard tree species used for forest conversion, in par-
ticular in Southern Germany, but also elsewhere (Hanewin-
kel et al. 2010). Currently, European beech is promoted due 
to its high resilience to disturbances, as the time series of 

1  Germany is subdivided in growth regions and growth districts 
as smaller units to account for geological and climatic differences 
between regions.
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the German Forest Survey show (Bayerisches Staatsministe-
rium für Ernährung, Landwirtschaft und Forsten (StMELF) 
2020; Bundesministerium für Ernährung und Landwirtschaft 
(BMEL) 2020). Additionally, scientists hope to find more 
drought resistant provenances (Jandl et al. 2019) that might 
prevail under future climatic conditions (Jandl et al. 2019). 
However, its sensitivity to climate change is still under 
debate (Rennenberg et al. 2004; Ammer et al. 2005; Geßler 
et al. 2006; Bolte et al. 2016). Therefore, large areas in Ger-
many are covered with young to middle age Norway spruce 
and European beech forests which leaves forest enterprises 
with the question of how best to implement climate-adapted 
management. Mixed species stand types comprising spruce 
and beech in variable proportions are still a standard future 
forest type, frequently used in forest planning. Therefore, 
forest managers are interested in how silvicultural measures 
(i.e. stand types, thinned or unthinned, rotation length, how 
much of each stand type) could best adapt future forests also 
consisting of these species to climate change. An economic 
valuation of risks and ecosystem services connected to the 
cultivation of the two species might prove valuable for the 
German forestry sector.

We simulated four different tree species compositions 
for the two climate sites. The four compositions were: 
pure European beech, 50% European beech and 50% Nor-
way spruce, 80% Norway spruce and 20% European beech 
and pure Norway spruce. Those are common silvicultural 
options for forest stand composition. Both tree species are 
managed as monocultures and as mixed stands (Thünen 
Institut 2014). As European beech is considered an alterna-
tive to Norway spruce (see introduction), we simulated two 
stand types with an admixture of 20% and 50% of European 
beech to Norway spruce. We used the structural generator, 
STRUGEN (Pretzsch 1997) to create initial stands with an 
age of 30 to 40 years. For each stand, we simulated several 
thinning regimes. From the different thinning concepts, we 
selected for each stand the one with the highest financial 
return as an option for the optimisation algorithm. For stand 
types with a share of 100% or 50% European beech, we also 
included the alternative without thinning as an option for 
the model. Omitting thinnings is a management alternative 
often practiced by small-scale forest owners. Stands domi-
nated by Norway spruce, however, were always thinned. 
We justify this with the higher vulnerability to windthrow 
of unthinned stands because they reach harvesting diam-
eters later (Hanewinkel et al. 2015). We also varied rotation 
age for all stand types, with a conservative maximum age 
estimate and with maximised soil rent. The National Forest 
Inventory (NFI) in Germany for 2012 found that 30% of 
all stands of Norway spruce was older than 80 years, and 
16% were older than 100 years (Thünen Institut 2014). We 
concluded from this result that common rotation ages for 
Norway spruce are 80 to 100 years. For European beech, 

we found rotation ages to be higher. The NFI showed that 
45% of all stands were older than 100 years and 31% older 
than 120 years. 19% of all stands of European beech in 
Germany were older than 140 years. Some forest managers 
seemed to choose shorter rotation ages, beginning the first 
harvests in stands of Norway spruce at the age of 60 years. A 
small proportion of forest owners manage their forests with 
longer rotation ages. From these findings and reflections, we 
decided to use a maximum rotation age of 120 years for Nor-
way spruce in the model region Northeast High Plain with 
higher biomass productivity and 140 years for the region 
Lower Main Area with lower productivity. Maximum rota-
tion age for European beech was 140 years. As a progressive 
alternative, we used a rotation age that maximises soil rent 
in the respective stand type. These rotation ages were in all 
cases considerably shorter (40 to 60 years) than the maxi-
mum rotation age. From now on, we refer to those as stand 
types with “short rotation”. The simulation results were the 
standing volume of trees, thinning volume and volume of 
dead wood from trees that died of natural mortality. Overall, 
we simulated 12 stand types (Fig. 2).

Sensitivity analysis: wood prices, regeneration costs 
and discount rate

We varied different model parameters from the baseline 
parameters. First, we explored two different price settings. 
The ratio between the European beech and Norway spruce 
wood prices was changed by setting the wood prices for 
European beech to 150% and 200%. We also tested the influ-
ence of an interest rate of 1.5% and 3.0% compared to the 2% 
baseline. Third, initial and rotation age dependent regenera-
tion costs for European beech might lead to different results, 
as the investment cost ratios between the species vary. To 
illustrate, the younger the stands were at the time of the 
final harvest, the higher the costs for planting young trees 
due to the inability of younger trees to produce seedlings. 
Therefore, we created a scenario where European beech was 
planted at the beginning of the first rotation and when the 
rotation age fell below 100 years.

Results

Forest enterprise composition

Our results are portfolios of stand types for forest enter-
prises located in similar climatic regions to those investi-
gated in our study. These portfolios show how our specific 
enterprises should allocate their area to different stand types 
with regard to the specific climate setting and the objectives 
considered. The optimised composition of the virtual forest 
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enterprises (Fig. 3) differed substantially, depending on the 
level of uncertainty, the climatic setting and the objectives.

Influence of uncertainty

Considering uncertainty led to increased portfolio diversifi-
cation. The Shannon index for each scenario increased with 
increasing uncertainty level (Table 3), indicating that the 
forest portfolios became more diversified. At each level of 
uncertainty, m, the Shannon index was higher for the Mult-
Cool and MultWarm scenarios than under a single objec-
tive. As further characteristics, we calculated the share of 
spruce in the portfolio, the summed up proportions within 
mixed stands and monocultures. In the FinCool scenario, 
the relative share of Norway spruce in the forest enterprise 
declined from 91% at low uncertainty to 72% at larger uncer-
tainty. In the other scenarios, the initially low (FinWarm, 
MultWarm) or medium (MultCool) values for the share of 
Norway spruce increased at higher levels of uncertainty. 
We observed the same for stand types with short rotation 
ages, because considering higher levels of uncertainty lead 

to more diversified portfolios. For the scenario MultWarm, 
the share of stand types with short rotation length was 61% 
at m = 1 (which reflects the perspective of a forest manager 
with a low level of risk aversion) and 46% at m = 3 (which 
reflects a highly risk-averse decision maker).

Influence of climate change

Under cooler climatic conditions (FinCool and MultCool 
scenarios), the share of spruce was highest, never falling 
below 50% except in the MultCool scenario at m ≤ 1 . In 
contrast, in the warm and dry climate of the FinWarm and 
MultWarm scenarios, European beech dominated the port-
folios and Norway spruce never exceeded a share of 31%. 
We did not observe an influence of climate conditions on the 
share of stand types with short rotation age.

Influence of multifunctionality

Considering multiple objectives led to more diversified 
forest compositions, underlined by higher values of the 

Fig. 2   Forest stand types 
selected from the growth 
simulation as options for the 
optimisation algorithm
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Shannon index (Table 3). The portfolios of MultCool and 
MultWarm scenarios had slightly more balanced tree species 
shares. The change in objectives considerably influenced 
the share of stand types with short rotation ages. This was 

highest in the scenarios FinCool and FinWarm, never falling 
below 78% and 85%, respectively. For the scenarios Mult-
Cool and MultWarm, we observed more balanced portfolios 
regarding rotation length, with shares of stand types of short 
rotation age between 37 and 61%.

Premium for risk aversion

Our results showed that higher precaution against uncertain-
ties requires a financial premium (Table 4 and Appendix 

Table 9). Annuities were 8% lower for the FinCool scenario 
when the uncertainty factor m was increased from 1 to 3. 
In the climate change scenario for FinWarm, the absolute 

Fig. 3   Composition of the forest enterprise area for the four scenarios

Table 3   Shannon Index (Shannon’s H) for the scenarios and different 
uncertainty factors

Scenario Uncertainty factor (m)

1 2 3 4

FinCool 0.69 1.09 1.66 1.99
MultCool 1.53 1.69 2.10 2.24
FinWarm 0.05 0.95 1.56 1.85
MultWarm 1.42 1.88 1.90 1.95

Table 4   Return annuity 
(Euro ha−1 yr−1) for the virtual 
forest enterprise (see Fig. 3)

Climatic scenario Financial objective (FinCool and 
FinWarm)

Multiple objectives (MultCool 
and MultWarm)

m = 1 m = 3 Difference m = 1 m = 3 Difference

Cool average precipitation 237 218 − 19 (− 8%) 152 155  + 3 (+ 2%)
Warm low precipitation 68 63 − 5 (− 7%) 50 51  + 1 (+ 2%)
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premium was lower, as the level of income was already 
diminished by considering multiple objectives. In relative 
terms, the risk premium was at 7%. The financial risk pre-
mium was only apparent when a single objective was valid. 
Under multiple objectives, however, we observed a very 
small positive increase of financial return. Enterprises with 
multiple objectives also had to accept lower portfolio per-
formance for the other objectives (Appendix Table 9). The 
(non-financial) risk premium for the MultWarm enterprise 
was below 1% for carbon storage and at 14% for stability. 
For the scenario MultCool, we observed a premium of 6% 
for stability, but higher carbon storage (+ 8%).

Climate change effects

The comparison of analogue climate regions allowed us to 
estimate the influence of climate change on ecosystem ser-
vice provision. Table 5 provides a comprehensive look at the 
indicator values of all ecosystem services. It distinguishes 
between our two climatic regions and different objectives 
(detailed in the next section).

Climatic conditions influenced ecosystem service provi-
sioning. We observed lower financial return (− 71%), car-
bon storage (− 41%) and stability (− 2%) for the scenarios 
FinWarm and MultWarm compared to FinCool and Mult-
Cool. Considering financial return, however, led to trade-
offs for carbon storage. Carbon storage was 42% lower in 
the FinCool scenario and 48% lower in the FinWarm sce-
nario compared to the MultCool and MultWarm scenarios. 
For stability, we observed that the probability to reach the 
planned rotation age was higher in the FinCool and Fin-
Warm scenarios. Our forest enterprises showed vastly dif-
ferent indicator levels (Table 6) under the warm scenario 
with low precipitation.

The financial return declined to a level of around one 
third for both scenarios. The storage of carbon dropped to a 
level of 59% and 61% respective to the number of objectives. 
Stability declined to a level of 98% and 89%. Due to the 
selection of stand types with a high share of European beech 
and low rotation ages, the influence of climate change on 
this indicator was comparatively low. The more diversified 
multifunctional forest enterprises buffered their losses to a 
slightly higher extent than the specialised forest enterprises. 
The relative level of the indicator values between the cool 
and warm regions was only 4 percentage points for financial 
return, and 2 percentage points higher for carbon storage and 
stability in multifunctional forests.

Financial effects of adaptation

Table 7 shows the results of FinCool and MultCool scenarios 
that refrain from silvicultural adaptation measures. Relative 
levels of financial return below 100% indicate that adaptive 
actions in forest management are favourable.

The FinCool scenario had higher losses in financial return 
without silvicultural measures against climate change than 
the MultCool scenario. This was valid at a low level of 
uncertainty ( m 3 ) where the forest area was less diversified. 
At m > 3 , the returns were more stable in scenario FinCool 

Table 5   Indicator values in the two climatic regions (uncertainty factor m = 3)

Climatic scenario Objective Multiple Objectives (MultCool and MultWarm)

Financial return Carbon storage Stability Financial return Carbon storage Stability

(Euro ha−1 yr−1) (tC ha−1 yr−1) (Probability to 
reach rotation age)

(Euro ha−1 yr−1) (tC ha−1 yr−1) (Probability to 
reach rotation 
age)

Cool average precipitation 218 12.3 0.82 155 17.5 0.76
Warm Low precipitation 63 7.24 0.80 51 10.7 0.68

Table 6   Climate change effect on the indicator values (relative level in the analogous region) at an uncertainty factor of m = 3

Indicator Financial objective (fincool—finwarm) Multiple objectives (multcool—mult warm)

Financial return Carbon storage Stability Financial return Carbon storage Stability

Relative level in the analogous region 29% 59% 98% 33% 61% 89%

Table 7   Relative level (%) of return (annuity) if the FinCool and 
MultCool enterprises do not to adapt area composition to climate 
change

Scenarios compared Uncertainty factor ( m)

1 (%) 2 (%) 3 (%) 4 (%)

FinCool – FinWarm 81 88 86 89
MultCool—MultWarm 96 92 86 85
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compared to the MultCool scenario. However, the increased 
diversification of the MultCool scenario served as protection 
against climate change at lower levels of uncertainty.

Financial premium for multifunctionality

One of our research objectives was the influence of forest 
multifunctionality on ecosystem services. Table 4 compares 
the financial returns of an economic and a multifunctional 
scenario. For the scenario FinCool, the financial returns 
dropped to 71% when objectives were changed to those of 
the MultCool scenario. Thus, a premium arose for multi-
functionality of 85 Euro ha−1 yr−1. The multifunctional-
ity premium under warmer climate conditions (FinWarm 
to MultWarm) was 18 Euro ha−1 yr−1, which was a rela-
tive reduction to a level of 81%. The relative reduction of 
the financial return was, thus, slightly lower under warmer 
climatic conditions. If the decision maker’s preferences 
included all three indicators, the financial return of Mult-
Cool, MultWarm scenarios was lower compared to the Fin-
Cool and FinWarm scenarios.

Discussion

Our study presents the first analysis of climate change 
impacts on tree species and stand type selection with a new 
combination of robust and multi-criteria optimisation. Our 
results are general in character and would need adaptation to 
specific forest enterprises, which are likely to include other 
tree species. Our assumptions about environmental condi-
tions as well as our approach to robustness facilitate general 
conclusions about the advantages and costs of silvicultural 
diversification to buffer against risk and secure multiple 
forest functions. Addressing the aspect of a function pre-
mium is novel. From our Southeast German scenarios, we 
deduce recommendations for broader management strategies 
to adapt forests to climate change, considering uncertainty 
and multiple objectives. Our results show diversification to 
be a promising strategy that nevertheless involves opportu-
nity costs. Here, the diversification is not limited to mixing 
tree species, but also pertains to mixing rotation times as 
well as thinned and unthinned stands. The study expands 
on existing economic models of tree species and stand type 
selection. Furthermore, we stepped away from the ex post 
evaluation of pre-defined silvicultural scenarios and ex ante 
selected the optimal combination of a multitude of options. 
The approach offers orientation on both decision makers’ 
preferences as well as their level of risk aversion. We address 
climate change impacts with the concept of analogous cli-
matic regions, estimating the influence of future climatic 
conditions on ecosystem service provisioning. Thus, we aim 
to remedy the gap between knowledge of climate change 

consequences and adequate adaptation strategy proposals 
(Jandl et al. 2019).

Influence of considering uncertainty

Optimising forest enterprise composition under increasing 
uncertainty (research question 1) led to diversified forests. 
To account for uncertainty, the optimal composition of the 
forest area included both tree species, not only the more 
resistant European beech. This can be seen, for example, in 
the rising relative share of Norway spruce, also as a mon-
oculture, in the enterprise portfolios of the FinWarm and 
MultWarm scenarios. The robust optimisation algorithm 
took into account that in case of a disturbance, the low 
financial return of European beech (see Table 8) declined 
even more and therefore added stand types with Norway 
spruce to stabilise the indicator’s performance. Thus, we 
confirmed previous studies (Augustynczik et al. 2018) and 
expanded on them by including multiple objectives and 
climate change. We found that for highly risk-averse for-
est owners, even under a purely financial objective, robust 
optimisation required intensified mixing of silvicultural 
strategies. Therefore, portfolio composition also served as 
a guarantee for multifunctionality. The downside of safe-
guarding against uncertainty is the risk premium forest 
owners would need to accept. As one of the first studies 
in forestry of this kind, we emphasise this aspect. Previous 
studies focused on risk aversion, especially with regard to 
resistance against natural threats (Schütz et al. 2006; Albert 
et al. 2017) and did not address the costs of this adaptation. 
The risk premium is relatively low, however, compared to 
the cost of multifunctionality or climate change. We explain 
this with high or increasing shares of spruce even under very 
high uncertainty. This contrasts with other studies that found 
Norway spruce to be highly prone to natural risks (Griess 
et al. 2012). Our model also considered that European beech 
is facing climate change-induced risks. As such, we included 
uncertain indicator values of ecosystem services for Euro-
pean beech. In this case, the uncertainty set displayed sce-
narios with only pessimistic indicator values for European 
beech and the robust reference point method searched for 
feasible solutions. We have applied the strictest robustness 
model among the forest science studies in robust optimi-
sation we know. Using box-uncertainty spaces, we do not 
assume a stochastic nature of the perturbations considered. 
Rather we follow an approach characterised by Ben-Tal et al. 
(2009) as “uncertain-but-bounded”. An alternative would be 
to use “techniques that are capable to utilise, to some extent, 
knowledge of the stochastic nature of data perturbations 
when building uncertainty-immunised solutions.” (Ben-Tal 
et al. 2009). For example, in their robust optimisation studies 
Augustynczik et al. (2018) and Augustynczik et al. (2020) 
adopted a Bernstein approximation to implement their 
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uncertainty spaces, thus applying an approach assuming a 
behaviour of the input coefficients (for example net present 
values) as random variables. Consequently, those studies 
implied a stochastic nature with their uncertainty model. In 
contrast to the approaches making stochastic assumptions, 
our approach might be less efficient, but not less robust.

Climate change impacts

Concerning our research question 2), we found that adapta-
tion measures of forest enterprises should include the selec-
tion of tree species, the tree species mixture as well as the 
length of rotation age and treatment. These are active adap-
tation measures in forest management (Bolte et al. 2010). 
An example of a climate change adaptation strategy that 
we observed is the optimisation algorithm reducing rota-
tion age in the RCP 8.5 scenarios (FinWarm, MultWarm). 
The shorter rotation stand types achieved a higher and more 
stable indicator value for ecosystem stability compared to 
the cooler climate. We conclude that diversification with 
the three aforementioned strategies can provide protection 
against climate change and losses in ecosystem service pro-
visioning in forestry. However, depending on the degree 
of climate change, compensation will only be partial. Our 
model calculates a severe decline in soil rent for the climate 
change scenario. Hanewinkel et al. (2013) modelled that cli-
mate change will lead to a shift in tree species suitability and 
productivity. Both effects will reduce the soil expectation 
value of forests in Europe by around 36% for a pessimis-
tic climate change scenario. We calculated higher financial 
losses and additional losses for non-financial ecosystem ser-
vices. Mina et al. (2017) analysed climate change impacts on 
ecosystem services in Alpine Regions in Europe and found 
that timber production and carbon storage were negatively 
influenced in a nearby case study region. We confirm these 
results, but additionally and systematically searched for a 
specific combination of stand types. This identified meas-
ures to retain carbon storage (Ontl et al. 2020). Thus, our 
study differs from previous approaches that performed ex 
post evaluations of silvicultural scenarios. Our methodology 
actively selected combinations of 12 different silvicultural 
management options to achieve single or multiple objectives 
ex ante. The approach therefore presents a technical alterna-
tive that can be extended to other stand types.

Our approach to consider climate change is coherent with 
our strict robustness model. We assume the worst IPCC 
scenario and set our starting point to the future in a steady 
state climate. Therefore, our recommendations for manage-
ment strategies are valid for the climatic conditions in the 
future. Climate change, however is a dynamic process, and 
forest managers could use new findings to gradually adjust 
these management strategies. Radke et al. (2020) recom-
mended dynamic adaptive strategies to account for climate 

change-induced deep uncertainty. They created a wide 
range of scenarios, amongst those also climate scenarios 
for a stand of European beech in Southwest Germany. With 
those scenarios, they tested a pre-defined static management 
strategy’s robustness and identified key uncertainties that 
heavily influenced the performance. A gradual adaptation 
to climate change might be able to avoid the failing of static 
management strategies. Initial assumptions about future 
model parameters might prove wrong and dynamic man-
agement strategies using the identified critical uncertain-
ties could mitigate suboptimal past decisions. This could 
be a promising and more efficient approach to lessen the 
very conservative nature of our robust model. Our solutions, 
however, were valid for a wide range of potential outcomes, 
thus guaranteeing robustness. We referred to Möhring and 
Rüping (2008) to justify a static approach because stand type 
selection cannot easily be adapted upon receiving new infor-
mation, unlike silvicultural treatment of an existing stand or 
agricultural land-use types.

Influence of multiple objectives

Depending on the objectives (research question 3), the opti-
misation algorithm selected a different combination of stand 
types. Mixing the two tree species within a stand (and not 
only mixing spruce and beech monocultures at the forest 
enterprise level), was observed as a management strategy 
to consider multifunctionality and uncertainty in both cli-
mate scenarios. Shannon’s H values (Table 3) underlined 
this effect at higher levels of uncertainty. On average, mixed 
stands provided lower levels of the single indicator values 
compared to the (pure) stand type. This could be observed 
for the financial return and ecosystem stability (Table 8), for 
example. However, mixed stands provided higher worst-case 
levels for all ecosystem services. We also found that the 
proportion of mixed stands was lower in the analogous cli-
mate region. The Shannon diversity tended to decline in the 
warmer climate regions. This underlined that climate change 
limited the opportunities of our virtual forest enterprise to 
adapt to climate change, because more climate sensitive 
stand types were no longer suitable as diversification com-
ponents. In the warmer climate region, ecosystem service 
provisioning declined and its uncertainty increased–espe-
cially for stand types dominated by Norway spruce and 
those with long rotation ages. Therefore, the optimisation 
model preferred the smaller number of stand types with a 
lower standard deviation in indicator values. The sensitiv-
ity analysis in our study underlined that the objectives and 
their number wielded considerably more influence than other 
considered parameters. Our study also extended previous 
approaches that considered decision makers’ objectives, but 
these approaches disregarded either uncertainty or climate 
change (Nordström et al. 2013; Diaz-Balteiro et al. 2017a; 
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Gosling et al. 2020; Knoke et al. 2020). Nordström et al. 
(2013) showed that decision makers evaluated silvicultural 
scenarios differently because they weighed objectives dif-
ferently, but did not analyse the influence of climate change 
or other sources of uncertainty. Knoke et al. (2020) con-
centrated on the effect of multi-criteria decision making 
on tropical deforestation. Gosling et al. (2020) focused on 
integrating uncertainty in multi-criteria land-use optimisa-
tion in Panama. Both studies showed that managing uncer-
tainty for several objectives leads to more highly diversi-
fied landscapes. However, all of the aforementioned studies 
neglected climate change and its influence on both growth 
and the survival of agricultural crops and forest trees. Our 
results, however, are also valid for uncertain future climatic 
conditions and for situations where information about the 
objectives’ values is not clear. Forest owners will have to 
accept a multifunctionality premium when striving for mul-
tiple goals. This is a trade-off for receiving a higher perfor-
mance of, in our case two other ecosystem services. Our 
results further indicate that adaptation measures to provision 
multiple ecosystem services serve as a protection against a 
risk premium. As the area of a multifunctional forest had a 
higher diversification, considering more uncertainty led to 
even higher returns in our case. We explain this with interac-
tions between the three indicator variables and their varia-
tion. The distance � for carbon had a restricting effect here, 
so the algorithm selected higher shares of Norway spruce 
to avoid diminishing carbon storage. Conversely, this sta-
bilised financial return as Norway spruce generates higher 
cash flows in shorter rotation periods.

The equal weighting of all forest ecosystem services 
is a novelty of our study. This considers all objectives as 
indispensable. Introducing priorities for single ecosystem 
services would have changed forest enterprise portfolios 
considerably as the comparison between the financial and 
multi-criteria scenarios show (Fig. 3). However, ranking 
ecosystem services would contradict the robust approach 
we chose. We specifically assumed that we do not know 
the decision maker’s future preferences for the ecosystem 
services. Our solutions represent portfolios which make the 
smallest possible concession towards losses of objectives. 
The approach can integrate both market and non-market 
values and can thus refrain from valuating these services 
monetarily. Therefore, the concept of strong sustainability is 
applied (Neumayer 2013). Bateman et al. (2013) optimised 
agricultural land-use for the UK and assigned market val-
ues to all landscape services. As a result, the land-use type 
with the highest marketable value dominates the agricultural 
landscape. To secure valuable landscape services with low 
marketable value, for example biodiversity, Bateman et al. 
(2013) had to impose restrictions. Our study, in contrast, 
overcomes this disadvantage and secures a minimum indica-
tor level for all objectives, avoiding additional restrictions.

Critical discussion of the model

Considering only European beech and Norway spruce 
restricts the optimisation’s results because we lack a larger 
number of stand types (Pretzsch 2005; Liang et al. 2016). 
Previous research showed that the marginal gain of ecosys-
tem functions, such as biomass production, may decline with 
an increasing number of mixed tree species (Pretzsch 2005; 
Liang et al. 2016). Future studies that include more tree spe-
cies with a wider range of ecosystem service provisioning 
could prove valuable despite this saturation effect. Neverthe-
less, due to the complexity of tree species interaction and 
data acquisition, other studies on tree species selection were 
also limited to a few tree species (for example Felton et al. 
2010; Thiele et al. 2017). Although our study is limited to 
only two important tree species, we still consider the results 
to be generalisable. Norway spruce stood as an archetype for 
a tree species with high financial performance and suscepti-
bility to climate change. In contrast, European beech was an 
archetype for species with lower financial performance–at 
least for the past climate –higher resistance and resilience to 
natural disturbances. Considering the characteristics of these 
archetypes, forest managers could evaluate other tree species 
and assess their share in the forest portfolios. For example, 
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) might 
partly replace Norway spruce due to its higher stability and 
financial performance, whereas pedunculate oak (Quercus 
robur L.) might complement the portfolios as an alterna-
tive to European beech considering ecosystem stability. For 
future research, it would also be interesting to investigate 
stands dominated by European beech with an admixture of 
conifers below 50%. Our robust method is basically able 
to include more options into the optimisation algorithm of 
forest area composition, as Uhde et al. (2017) underlined. 
Although we chose socio-economic and socio-ecological 
indicator values and cover different aspects of sustainability, 
a multifunctional approach could be extended to more than 
three ecosystem services. The reference point method uses 
normalised indicator values without units and can include a 
larger number of objectives. Knoke et al. (2016) showed that 
repeatedly including eight or more random indicators stabi-
lises landscape portfolio composition, an observation they 
call the “multifunctionality effect”. In our study, the multi-
objective optimisation algorithm includes stand types with 
different tree species compositions or rotation ages. This 
highly diversified enterprise might provide a higher number 
of ecosystem services we considered and might compensate 
for the small number of indicators in our study.

Our enterprise area includes both mixed and monospe-
cific stands after optimisation for multiple criteria. This con-
trasts with studies that found mixed stands often provide 
higher levels of ecosystem services than monocultures (Mori 
et al. 2017). Monocultures, as our enterprises with financial 
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objectives show, provide the highest values for single eco-
system services. At a low level of risk aversion, the opti-
misation algorithm considers mixing monocultures on the 
enterprise level as an alternative to solely combining mixed 
stand types. With larger uncertainty spaces, monospecific 
stand types are still part of the enterprise’s portfolio but in 
combination with mixed species stands. Thus, the concept 
of mixed forests that provide multiple ecosystem services on 
the stand level (Pretzsch et al. 2017) can be transferred to a 
higher spatial level. On the landscape level, the same eco-
system services could be provisioned by a combination of 
monocultures. This might be an alternative to mixed forest 
stands where silvicultural or other obstacles prevent (small-
scale) forest owners from establishing mixed stands.

Apart from addressing climate change and decision mak-
ers’ objectives, we also included bio-physical interactions 
in our model. Coll et al. (2018) stated that the effects of 
mixing tree species on the economic outcome are still not 
comprehensively known. Our study found one effect to be 
increased stability in mixed forests. The integration of sur-
vival functions with the shares of the tree species as covari-
ates addresses this research gap. Previous studies (Neuner 
et al. 2015; Paul et al. 2019) already integrated survival 
functions in economic models. Paul et al. (2019) optimised 
tree species composition, even for different climate change 
scenarios. However, these are stochastic models that include 
only level 2 uncertainty (Walker et al. 2013) where prob-
abilities of occurrence for events must be known. This article 
considers the higher level 4 uncertainty and searches for 
solutions for scenarios with unknown probability of occur-
rence. Furthermore, our growth simulation of the stand types 
differentiates between mixtures. Therefore, we expand on 
approaches that use yield tables of monospecific stands and 
refer to growth functions to simulate effects of tree species 
diversity on productivity (García-Robredo 2018).

Conclusions

Our results provide recommendations for long-term goals 
for tree species selection in a Southeast German forest 
enterprise. On a general level, we derive silvicultural man-
agement strategies to deal with uncertainty, demand for 
multifunctional forestry and climate change. Our results 
have a rather general character and need adjustment when 
applying them to a specific forest enterprise. We have not 
derived exact shares of certain forest stand types valid for 
any enterprise. Our setting disregards, for example, soil 
conditions which might play an important role for water 
availability for the trees. However, one could tailor this 

approach to a specific forest enterprise, as for example 
done by Neuner et al. (2013), while considering a sto-
chastic (not robust) portfolio model for financial objec-
tives. When we included uncertainty in a virtual forest 
enterprise’s decision about silvicultural adaptation strat-
egies, diversification intensified. Climate change altered 
the optimal tree species composition of our virtual forest 
enterprise. Our approach combines tree species selection 
and mixing, treatment and different rotation ages as silvi-
cultural strategies to mitigate climate change. However, 
there is still uncertainty on how mixed forest stands, as 
described in our study, will perform long-term in terms of 
productivity or resistance against hazards under climate 
change. But even under high uncertainty, we conclude 
that strategies to adapt to climate change can financially 
buffer the consequences of higher temperature and lower 
precipitation to a certain extent. Nevertheless, our simula-
tion cannot find a compensatory effect to adaptation meas-
ures. The loss in productivity and the higher susceptibility 
towards hazards of Norway spruce, one of the main tree 
species in Germany, will negatively affect the income of 
public and private forest owners. In addition, European 
beech, the most common tree species to replace Norway 
spruce, seems to be limited in its potential to mitigate cli-
mate change. Further silvicultural strategies and expanding 
the options of stand types, especially concerning the tree 
species, for the optimisation could provide potential to 
mitigate climate change. If we consider the characteristics 
of our tree species as archetypes, species such as Douglas 
fir or silver fir (Abies alba Mill.) could be alternatives to 
stabilise survival probability, carbon storage and financial 
return under climate change. However, small-scale forest 
owners are often limited in their choice of silvicultural 
options. A solution to a risk-averse society (e.g. communal 
municipality) with many small-scale forest owners could 
be to have policy-makers set incentives to diversify on 
a level beyond the single forest stand. Establishing and 
managing different monospecific stand types might help 
small-scale forest owners to overcome obstacles like deer 
browsing, available space for planting trees, etc. Mixed 
forests would then consist of monospecific and mixed for-
est stands on a municipal or landscape level.

Appendix

See Tables 8 and 9.
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