
ORIGINAL PAPER

Pertinence of reactive, active, and robust adaptation strategies
in forest management under climate change

Rasoul Yousefpour1 & Andrey L. D. Augustynczik1
& Marc Hanewinkel1

Received: 5 August 2016 /Accepted: 27 March 2017 /Published online: 4 May 2017
# INRA and Springer-Verlag France 2017

Abstract
& Key message Pertinence of alternative adaptation
strategies to business as usual, namely reactive, active,
and robust adaptation strategies, can be evaluated by
incorporating the expected costs and benefits of
adaptation, climate change uncertainty, and the risk
attitudes of decision-makers.
& Context Forest management is used to coping with risky
and uncertain projections and estimates. However, climate
change adds a major challenge and necessitates adaptation
in many ways.
& Aims This paper highlights the dependency of the decisions
on adaptation strategies to four aspects of forest management:
(i) the costs of mitigating undesirable climate change impacts
on forests, (ii) the value of ecosystem goods and services to be
sustained, (iii) uncertainties about future climate trajectories,
and (iv) the attitude of decision-makers towards risk (risk
aversion level).
&Methods We develop a framework to evaluate the pertinence
of reactive, active, and robust adaptation strategies in forest
management in response to climate change.

& Results Business as usual may still be retained if the value of
the forest and cost of climate impacts are low. Otherwise, it is
crucial to react and facilitate the resilience of affected forest
resources or actively adapt in advance and improve forest resis-
tance. Adaptation should be robust under any future climate
conditions, if the value of the ecosystem, the impacts from
climatic changes, and the uncertainty about climate scenarios
are very high.
& Conclusion The decision framework for adaptation should
take into account multiple aspects of forest management under
climate change towards an active and robust strategy.

Keywords Adaptivemanagement . Climate target . Forest
growth . Climate risks . Forest economics

1 Introduction

Forest management is used to coping with risks and uncer-
tainties inherent in forestry and future projections and es-
timates, e.g., storm damage, fluctuations in wood prices,
and empirical projections about future stand volume and its
increment. However, climate change adds a major source
of risk and uncertainty to the previous challenges. Precise
estimates of the timing and extent of climate change are
still missing as well as comprehensive information regard-
ing the vulnerabilities and adaptive capacity of forest eco-
systems to these changing environmental conditions (IPCC
2014; Lindner et al. 2010; Bonan 2008). Climate affects
forest growth and accordingly any change in climate may
affect forest productivity. Moreover, climate change alters
the frequency, scale, and intensity of disturbances (Allen
et al. 2010; Landmann et al. 2015). The magnitude of dam-
age from hazardous and climate-driven events to the forest
and the direct climate-forest interaction affecting forest

Handling Editor: Barry Alan Gardiner

Contribution of the co-authors
RY designed the research and wrote the draft. A.L.D.A. andMH both co-
developed the framework and wrote the paper.

Electronic supplementary material The online version of this article
(doi:10.1007/s13595-017-0640-3) contains supplementary material,
which is available to authorized users.

* Rasoul Yousefpour
rasoul.yousefpour@ife.uni-freiburg.de

1 Chair of Forestry Economics and Forest Planning, University of
Freiburg, Tennenbacher Str. 4, 79098 Freiburg, Germany

Annals of Forest Science (2017) 74: 40
DOI 10.1007/s13595-017-0640-3

http://dx.doi.org/10.1007/s13595-017-0640-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s13595-017-0640-3&domain=pdf


growth and productivity are both decisive parameters when
defining the most suitable adaptation strategies.

Another added challenge related to climate change uncer-
tainty, however, is the multiplicity of scenarios to project the
climate development pathway in coming decades and the
impossibility of assigning any probabilistic weight to these
different climate trajectories. Dealing with this kind of deep
uncertainty is one of the most crucial problems in developing
appropriate adaptive strategies under climate change
(Kwakkel et al. 2016). A set of plausible climate change
scenarios is usually defined based on the assumptions about
population growth, energy consumption, technological devel-
opment, and land use changes in the twenty-first century.
Scenarios may project a low, medium, or a large change in
climate leading to 2–6 °C increase in average global surface
temperature at the end of the century. Recent consensus on a
climate target, e.g., Paris Agreement on a maximum 1.5–2 °C
change in the global average surface temperature at the end of
century, may reduce this deep uncertainty. However, actions to
meet the climate target and their pathways as target-oriented
scenarios will remain deeply uncertain.

Forests deliver a wide diversity of ecosystem goods and
services. The more important the provisioning of these goods
and services for the reliant community, the more crucial is it to
sustain these ecosystems. Accordingly, it is highly recom-
mendable to adapt the forests with a very high value to society
in face of future environmental changes, i.e., maintaining for-
ests essential for promoting the well-being of communities
through the provisioning of goods and services. This might
include both use and non-use values, such as timber produc-
tion, carbon sequestration, biodiversity maintenance, and
landscape beauty. Analyzing the costs of implementing essen-
tial adaptation strategies and added benefits from safeguarding
resources and their services compared to a business as usual
(BAU) management system may aid in deciding upon the
most suitable adaptation strategy. Accordingly, a reactive ad-
aptation strategy, an active adaptive strategy, or a robust ad-
aptation strategy may be selected. We will outline these three
adaptation strategies and their suitability depending on the
value of ecosystem goods and services, costs of adaptation,
and underlying risks and uncertainties related to climate
change scenarios.

Moreover, we integrate the risk attitude of decision-makers
in selecting these adaptation strategies. Risk-seeking decision-
makers may stick to the BAU strategy and avoid adaptation in
the hope of either non-realization of climate change at all or a
climate change realization with low impacts on their forests.
However, forest decision-makers are mostly risk-averse
(Sauter et al. 2016; Petucco et al. 2015) and would select an
adaptation strategy. Selection of the most suitable adaptation
strategy is dependent on the costs and benefits estimated from
the implementation of adaptation. The more risk-averse the
decision-makers are, the more robust the adaptation strategies

should be, as they place more utility in obtaining benefits with
high certainty, rather than risky investments that may yield
higher benefits but with lower probability. In this sense, robust
decision-making provides a framework to identify such
options, with low sensitivity to uncertainty, trading optimality
for robustness against outcome fluctuations (Lampert and
Collins 2007).

In the following, we first outline the main aspects of cli-
mate change affecting forest growth and productivity and
changes in the magnitude and frequency of forests distur-
bances. We clarify the nature of climate change and its uncer-
tainty affecting decisions on adaptive strategies. We continue
the paper with the proposal of guidelines for deciding on the
selection of adaptation strategies regarding their potential out-
comes (forest goods and services) and levels of safety for
forest ecosystem sustainability. Subsequently, we analyze the
dependency of decisions on adaptation strategies on the risk
attitude (risk aversion degree) of decision-makers.

2 Materials and methods

We synthesize the impacts of climate change on forest re-
sources especially in Europe based on the latest IPCC reports
and studies investigating the impact of climate change on
forest ecosystems. For this, we rely on the recent modeling
results on the projection of future forest resource conditions
and the scale of species distribution affected by climate
change. We analyze the sensitivity of the modeling results to
the employed climate change scenarios and highlight the im-
plications of having no consensus about a single climate
change scenario and the added complexity for decision-
makers to deal with the multi-scenario, i.e., deep uncertainty,
situation. We review the current strategies to deal with risks
and uncertainties associated with climate change considering
management recommendations provided by studies investi-
gating forest adaptive management options to climate change
between 2000 and 2016 (see the list of literature consulted in
Supplementary 1). We compare the advantages and shortcom-
ings of these alternative strategies to BAU strategies.

Finally, we develop a framework based on Lawler (2009),
adopting an economics-oriented analysis considering costs
and benefits of adaptation measures, and including additional
factors, namely the attitude towards risk and the uncertainty
related to climate change. Moreover, we outline the dependen-
cy of decisions on adaptation strategies on the aspects
involved in the process of adaptive decision-making under
climate change. These aspects are as follows:

– The impacts of climate change on forest resources and the
costs associated with the adaptive strategies to deal with
these impacts
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– The value of forest resources and the benefits from apply-
ing any adaptive strategy to safeguard provisioning of
ecosystem goods and services

– The uncertainty inherent in climate change defined as
deep uncertainty about the probability of realizing each
climate change scenario in the future

– Risk attitude (aversion degree) of decision-makers to risk
or not adapting to climate change versus BAU

Depending on these four aspects, we allocate four different
climate management strategies including BAU and three
adaptation strategies namely reactive, active, and robust to
climate change. Moreover, undertaking no active
management at all may be considered as another adaptation
strategy.

3 Results

3.1 Climate change impacts

To provide a common base for climate impact assessment,
IPCC (2014) reports a few major scenarios about the future
climate development called Representative Concentration
Pathways (RCPs). The main outcomes of RCPs are the trends
in climate change and the final level of global warming at the
end of twenty-first century (van Vuuren et al. 2011). RCPs
provide a common source of forcing for earth system models
(ESMs) to simulate climate trajectories. Figure 1 illustrates
four main RCPs realized by different ESMs to predict anom-
alies in global surface temperature. RCP8.5 is an extreme no-
climate-policy scenario and RCP2.6 represents a rigorous
climate policy to allow for a low climate change impact.
Between these two extreme scenarios, there are RCP4.5 and
RCP6.0 with moderate greenhouse gas (GHG) emissions and
following effects.

These different emission pathways and their respective cli-
mate forcing imply a variety of impacts on forest ecosystems
at different temporal scales. Transient changes in temperature,
precipitation regimes, and CO2 concentration may trigger pro-
cesses related to changes in growth and productivity, in-
creased mortality, and areal shifts in species composition
(Svenning and Sendel 2013; Meehl et al. 2013; Allen et al.
2010). With expected alteration in the frequency of extreme
climatic events, abrupt impacts on forest ecosystems are ex-
pected, namely the frequency of disturbance regimes, e.g.,
wind damage, wildfires, and pest outbreaks (Alley et al.
2003; Seidl et al. 2014). These aspects of climate change will
require a variety of management actions in order to guarantee
the provisioning of ecosystem goods and services. Transient
changes can be largely tackled through management interven-
tions, such as adjusting thinning intensity to cope with chang-
es in growth and to reduce mortality and promoting site-

adapted species in stand regeneration (Kellomäki et al. 2008;
Spittlehouse and Stewart 2004; Innes et al. 2009). Abrupt
changes are more complex and require adaptive management
measures to promote diversity of stand structures and increase
resilience but also the development of monitoring and contin-
gency plans, taking into account new disturbances, not occur-
ring under current conditions, may occur in the future
(Janowiak 2014; Spittlehouse and Stewart 2004; Heller and
Zavaleta 2009). Hereafter, we outline some of the most rele-
vant impacts of climate change on forest ecosystems.

3.1.1 Changes in growth and productivity

Forest growth and productivity are directly affected by climate
properties, e.g., increasing concentration of CO2 in the atmo-
sphere, temperature, precipitation, and nitrogen deposition
from the atmosphere. CO2 is a vital GHG in the photosynthe-
sis process and its amplified availability may positively affect
tree growth in forest sites with no nutrient limitation (Hickler
et al. 2015). Changes in temperature and precipitation may
prolong the growing season or suitability of new areas for
the establishment of forest vegetation (Soja et al. 2007) or
negatively effects forest growth by increasing mortality of
trees (Battles et al. 2008) especially under heat or drought
stress (Temperli et al. 2012). Based on a meta-analysis, as
Schelhaas et al. (2015) showed, climate change leads to con-
siderable changes in the growth and productivity of forests in
Europe. The magnitude of changes differs not only for tree
species but may also differ for the different regions in Europe,
where they show different directions of the change. These
impacts are directly related to a change of the suitability of
the growing conditions of the main tree species and related

Fig. 1 Reported and projected changes in global surface temperature
during 1900–2100 applying ESMs (the number in parenthesis is the
number of participating models) in Coupled Model Intercomparison
Project Phase 5 (CMIP5 Project)
Source: Knutti and Sedláček (2013)
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biome shifts (see next section) and can be influenced by adap-
tive management strategies.

3.1.2 Increased mortality

Mortality caused by competition among tree species (e.g.,
stand density, species composition, regeneration establish-
ment in mature closed stands) and hazards are processes af-
fecting forest vegetation dynamics (Soja et al. 2007). One of
the major impacts of climate change on forest ecosystems on a
global scale is an increase in mortality. Allen et al. (2010)
conclude that some of the world’s forested ecosystems are
already responding to climate change and raise concerns that
forests may become increasingly vulnerable to higher back-
ground tree mortality rates and die-off in response to future
warming and drought, even in environments that are not nor-
mally considered water-limited. Rigling et al. (2013) have
shown that a change of the mortality pattern is the major driver
of the vegetation shift from the originally drought adapted
species Scots pine (Pinus sylvestris) to the sub-
Mediterranean species pubescent oak (Quercus pubescens
Willd.) in Switzerland. A major scientific challenge is to de-
tect the physiological mechanism behind mortality, either as
hydraulic failure or carbon starvation (Sevanto et al. 2014).
Adaptive management responses to influence mortality could
consist of admixing tree species to pure stands of species more
sensitive to changes in climatic conditions (Neuner et al.
2015) or to reduce the tree density to increase the water use
efficiency of the remaining trees (Martın-Benito et al. 2010).

3.1.3 Change of the disturbance regimes

The frequency, intensity, and geographical distribution of
disturbance agents have recently changed to a considerable
extent, and this trend of increasing levels of disturbance is
expected to continue in the future. Seidl et al. (2011) have
shown that in recent decades, forest disturbance regimes have
intensified markedly across Europe, resulting in a strong in-
crease in damage from wind, bark beetles, and wildfires.
Climate change was the main driver of the increase in area
burnt, while changes in forest extent, structure, and composi-
tion particularly affected the change in wind and bark beetle
damage. These increasing disturbances could strongly impact
the forest carbon budget (Seidl et al. 2011) and may have
contributed to the recently observed carbon sink saturation
in Europe’s forests (Nabuurs et al. 2013).

3.1.4 Areal shifts of major tree species

Climate change is a major driver of range shifts of many
species, both plants and animals (Guisan and Zimmerman
2000). These species can either adapt to the new environ-
mental conditions, migrate, or go extinct (Zimmermann

et al. 2008). Trees, as long living organisms with limited
abilities to migrate (Meier et al. 2012), are among the spe-
cies most affected by this type of changes that will in the
long run lead to considerable changes of the distribution of
major tree species in many areas of Europe. Thus, a climate
change induced shift of productive tree species may have
severe economic consequences and lead to losses of the
value of European forest land in the range of several hun-
dred billions of Euros (Hanewinkel et al. 2013). One of the
main challenges of forest management will therefore be to
find alternatives to productive—mostly coniferous—tree
species that are expected to disappear or move into areas
with cooler and more moist climatic conditions (i.e., into
northern latitudes or higher altitudes).

3.2 Forest management strategies to deal with climate
change

To deal with climate impacts on forests, management
strategies are proposed to adapt forests to forthcoming
environmental changes and mitigate its negative effects
(Yousefpour et al. 2012). Experiences with the outcomes
of the recommended strategies and their effectiveness to
improve resistance and resilience of forests under climate
change are at an early stage and too early to be evaluated.
An exception is BAU strategies, developed in the past to
optimize the productivity of forest resources for wood
utilization goals. However, these strategies are highly re-
stricted to the stable climate of the past relying on
climate-deterministic and empirical forest growth predic-
tions, e.g., yield tables. Moreover, forest conservation,
defined as no active management, may be classified as
“passive adaptation,” i.e., to account for natural adapta-
tion potential of forest resources, e.g., genetic adaptation
by abandoning forest areas (Bolte et al. 2009). In the
context of climate change, this strategy may be a counter-
productive, as valuable species from an ecological point
of view may be lost without management support, due to
changing environmental conditions. Therefore, ignoring
climate change impacts using passive adaptation may re-
sult in forest resource degradation. Occasionally and if the
adaptive capacity of a forest, e.g., genetic diversity and
spontaneous adaptation, are so high that they become less
vulnerable to climate change and impacts, conservation
may be an adaptation alternative. However, this strategy
may suffer from under-provisioning of forest goods and
services directly used by surrounding communities, e.g.,
local timber industry (Petucco et al. 2015) as well as from
increasing vulnerability of forests to disturbances, e.g.,
fire (San-Miguel-Ayanz et al. 2013). Therefore, in the fol-
lowing, we describe the potential expected outcomes of
altering BAU to different alternative adaptation strategies,
i.e., reactive, active, and robust adaptation.
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3.2.1 Reactive adaptation

Reactive adaptation recommends the postponing of actions on
climate change and its impacts until the realization of negative
effects. We recognize this strategy as “wait-and-see” approach
in line with the decision-making method Real Options
(Bowman and Moskowitz 2001) or Quasi Options (Brunette
et al. 2014; Guest 2010). This adaptation strategy can be ef-
fective if the foreseen damages are not irreversible (Lempert
and Collins 2007; Yousefpour et al. 2012). Moreover, waiting
for the realization of climate change and impacts may improve
the knowledge pool and consequently increase the efficiency
of decisions on adaptation (Heal and Kriström 2002). This is
very much appreciated if the decisions are irreversible or ex-
pensive. However, similarly to BAU strategies, it is very dif-
ficult to preemptively calculate the value of forthcoming in-
formation and prove the superiority of waiting and reacting
over active adaptation.

3.2.2 Active adaptation

Active or pro-active adaptation is the most recommended and
studied adaptation strategy in the literature (cf. Bolte et al.
2009). Recommendations in line with this strategy include a
diversity of management actions, e.g., silvicultural interven-
tions, changes in rotation age, target diameter for harvest,
selection of tree species for regeneration, and establishment
of novel and better-adapted provenances. Most of the recom-
mendations, however, are conditional to a closed set of climate
change and may not suffice if the magnitude of changes ex-
ceeds the considered level of climate change. This is a crucial
aspect, as depending on the degree of changes in climate and
its impacts and disturbance regimes, active adaptation strategy
may lead eventually to fundamentally different recommenda-
tions. Active adaption could be developed for the “most-like-
ly” climate change scenario. However, there is usually no
consensus among scientists, decision-makers, and politics
about any particular “most-likely” scenario. Instead, there
are beliefs, being subjective judgments about the probability
of realizing one or another scenario. Dealing with this level of
deep uncertainty requires application of robust decision-
making approaches.

3.2.3 Robust strategy

Making robust decisions under climate change may be an
ultimate goal in forestry. A robust strategy would continuous-
ly perform satisfactorily under all climate change scenarios
but not necessarily being optimal for each scenario. In this
sense, there is a dilemma between the degree of robustness,
reduction in uncertainty of climate change, and the costs of
applying robust strategies. Robust decision-making refers tra-
ditionally to the decision-making process of finding suitable

solutions under deep uncertainty that performwell over a wide
range of plausible futures (Lempert et al. 2003). According to
Hall et al. (2012), robust decision-making might involve a
variety of approaches for assessing robustness of responses,
including analytic, qualitative, and heuristic methods, e.g.,
robust optimization and qualitative scenario analysis. One
way to find the robust decisions is to ask experts to judge
the robustness of decision alternatives. Moreover, there is a
set of stylized and quantitative robustness indicators applied
in analytic methods to find a robust solution. Herman et al.
(2015) identify two main classes of robust measures, name-
ly regret and satisficing approaches. The former seeks for
minimizing deviations compared to an ideal scenario (e.g., a
management regime with best performance in case the most
unfavorable climate change scenario becomes true) and the
latter aims at maximizing the number of scenarios in which
defined performance thresholds are met, e.g., maximizing
the number of climate change scenarios in which the forest
income level is above an established threshold (Hadka et al.
2015). Therefore, informing decision-makers about trade-
offs and robustness of different management alternatives,
aiming for guaranteeing the achievement of a least expecta-
tion in any future condition, is the essence of robust
decision-making approaches (Hall et al. 2012).

3.3 A framework for the allocation of adaptation strategies

We propose a framework for making decisions for any of the
abovementioned adaptation strategies regarding four different
aspects of forest management under climate change. A prima-
ry driving aspect is the effect of climate change on forest
growth and the extent of negative impacts by changing distur-
bance regimes and the associated costs to mitigate undesirable
outcomes. The lower the impacts, the more credible it is to just
rely on the optimized BAU strategy and eventually react by a
low-cost adaptation. For example, Bowman et al. (2013) indi-
cate that climate change has a low likelihood of causing sig-
nificant impacts on fire-resistant eucalypt forest types, and
thus, alteration of BAU fire control practices may not be jus-
tified. Value of forest resources is the second aspect involved
in deciding upon adaptation strategies. Therefore, a cost–ben-
efit analysis of implementing adaptive management actions is
warranted. Once the benefits for adapting overtake costs of not
adapting, it is recommended to select an adaptive strategy.
This rule applies throughout the set of adaptation strategies
and differentiates them from BAU as illustrated in Fig. 2.
Thus, the main axes (benefits of climate change adaptation
and costs of climate change adaptation) of Fig. 2 act as a guide
to decide whether or not to implement adaptive management
actions, while the two supporting axes (climate change uncer-
tainty and risk aversion) support the decision-making of
which adaptive strategy to adopt.
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To select one of the three adaptation strategies, a third aspect
is decisive. It is simultaneously the certainty that climate change
will have impacts on the ecosystem and the uncertainty associ-
ated with the projection of these future climate conditions, as
climate development may take a diversity of pathways, e.g.,
RCPs, without any knowledge of how to assign any probability
to their realization and a very high variation in models outputs
(IPCC 2014). Recognition of this deep uncertainty necessitates
reactive, active, or robust adaptation for low, moderate, and
high value forest resources, respectively. In this context, a reac-
tive adaptation is selected if managers are confident that climate
change impacts will not significantly affect the provisioning of
goods and services, e.g., in areas where the temperature and
precipitation regimes are predicted to stay relatively stable in
the future and with less valuable forest resources. Thus,
delaying the investment is intended to increase the knowledge
regarding climate development and reduce uncertainty. Koning
et al. (2014) conducted a survey on six European countries
regarding forest conservation and management for Natura
2000 under climate change and recognized reactive adaptation
as a preferred adaptation option for certain groups of forest
managers. These managers believed climate change will not
necessarily have negative impacts and were unwilling to make
large investments for adaptation in the moment, i.e., they fa-
vored low-cost adaptation.

On the other hand, an adaptive strategy is warranted with
increasing uncertainty regarding climate development, ex-
pected negative impacts on forest ecosystems, and higher val-
ue of forest resources. For instance, Zubizarreta-Gerendiain
(2015) propose a set of management actions, including mod-
ifying timing of thinning and final cut of boreal forests in
central Finland, in order to maximize forest net present value
(NPV), based on simulations considering the A1B emission
scenario. Nevertheless, due to their conditional nature, adap-
tive actions may be risky if the considered climate change
scenario does not occur. Not adapting, i.e., applying BAU,
may be also risky and should be considered only if benefits
of adaptation strategies are lower than the costs of adaptation.
In this sense, the fourth aspect to be taken into account is a
behavioral study of decision-makers attitude towards risk and
their degree of risk averseness. The more risk-averse the de-
cision-makers, the more likely they will be to adapt and the
more they will favor robust strategies rather than adaptive and
reactive strategies, thus guaranteeing a minimal level of pro-
visioning of ecosystems goods and services, regardless of the
future climate realization. We highlight that in the upper right
corner of Fig. 2, the uncertainty is so high that risk-averse
decision-makers are very unlikely to choose BAU over a ro-
bust strategy. Yousefpour and Hanewinkel (2016) propose an
application of robust decision-making approaches for

Fig. 2 Schematic allocation of four different adaptation strategies in
relation to costs and benefits of adaptation to climate change,
uncertainties associated with climate change and the role of decision-
makers’ risk attitudes (risk aversion). BAU is implied only if the costs
of adaptation exceed the benefits, and otherwise it is worth adapting.
Reactive strategy is suitable for low-cost adaptation and if the foreseen
climate change impacts and damages are not irreversible. Otherwise,

active adaptation would be more suitable. Robust adaptation is the most
costly strategy. However, it guarantees provisioning of forest ecosystem
services under all climate change scenarios. The degree of risk aversion of
decision-makers defines their attitude towards taking the risk of not
adapting (low-risk aversion) or making sure of adapting to climate
change (high-risk aversion)
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planning the species composition of valuable stands in central
Europe under deep climate uncertainty. Their result recom-
mends selecting Scots pine (P. sylvestris) because its average
economic outcomes under three different climate change sce-
narios outperform beech (Fagus sylvatica) andNorway spruce
(Picea abies) which are optimal under specific climate change
scenarios.

4 Discussion

4.1 Future research and adaptation strategies

Application of BAU strategies for forest management is still
predominant at the global level (Bernier and Schoene 2009).
However, BAU strategies are commonly optimized for a sin-
gle objective, e.g., timber production (Briceño-Elizondo et al.
2008), and are valid under stable climate conditions by using
empirical yield tables (Lindner 2000). In this sense, even
multi-purpose forest management, e.g., close-to-nature forest-
ry largely applied in central Europe, is designed under stable
climatic conditions and may show suboptimal in the future.
Therefore, their optimality under changing environmental
conditions is highly uncertain (Yousefpour et al. 2012).
Reacting to climate change by applying ad hoc measures,
different from BAU, to mitigate damages has been debated
as a way of adaptation (Bolte et al. 2009). However, the base is
BAU and may suffice if the degree of changes and their im-
pacts are limited, e.g., removing damaged trees from snow
breaks and fuel management for avoiding wildfires in suscep-
tible areas (Amiro et al. 2001; van Gameren and Zaccai 2015).

Active adaptation occupies a large body of recent studies
(e.g., Wagner et al. 2014; Temperli et al. 2012) by proposing a
set of silvicultural and strategic actions to improve resistance
and resilience of ecosystems facing climate change and its
impacts. Safeguarding provisioning of multiple ecosystem
services may be possible by these adaptation measures.
However, the proposed measures are mostly conditional on
certain climate outcomes (e.g., Temperli et al. 2012; Garcia-
Gonzalo et al. 2007). Moreover, measures proposed for reduc-
ing forest vulnerability are based on the occurrence of recently
occurring damage, e.g., bark beetle outbreaks, storm damage,
and landslides (Seidl et al. 2009; Schlyter et al. 2006), and
commonly disregard the possibility of occurrence of new cat-
astrophic events such as forest fires due to drier climate
conditions.

Considering the possibility of poor outcomes of adaptive
actions due to its conditional nature, a novel adaptation strat-
egy is emerging to make robust adaptive decisions for forest
management (Pasalodos-Tato et al. 2013) borrowed from the
engineering sector (Gabrel et al. 2014). Application of robust
decision-making to forestry is very rare (e.g., Palma and
Nelson 2009). However, there is a long existing strategy that

may be regarded as robust adaptation, namely portfolio man-
agement (Dittrich et al. 2016). These diversification of man-
agement strategies may be recognized as a simple and effec-
tive strategy to cope with climate change and build upon a
portfolio of adaptation measures (Dragicevic et al. 2016; Härtl
et al. 2015). The downside of this strategy is, however,
sacrificing optimality for less sensitivity to false assumptions
and hoping for partial safeguarding of forest resources and
services under any future conditions (Lempert and Collins
2007). Other approaches are recommended in the literature,
e.g., an option-oriented (i.e., “flexibility”) management
(Wilson and Baker 2001), a “complex adaptive system” to
improve resilience of forest resources (Puettmann et al.
2013), and analyzing trade-offs between service provisioning
and adaptability applying deterministic decision-making
(Wagner et al. 2014) containing implicitly some notions of
robustness. We recommend making robust and active adapta-
tion strategies and the development of related frameworks and
modeling systems to guarantee sustainable provisioning of
forest goods and services. Moreover, we identify that an over-
lap between the adaptation strategies may occur. Here, we
refer to the dominating strategy concept and highlight that
even though a robust strategy may be considered a subset of
active options, its particularity of being less sensitive to future
climate warrants a differentiation as there are clear situations
in which this strategy is more suitable than the usual adaptive
actions considering single management scenarios (e.g., under
deep uncertainty). Likewise, reactive management includes
BAU but its application is warranted under certain conditions,
e.g., when a low-cost adaptation is required. In this sense, we
aim at characterizing these situations rather than strictly cate-
gorizing the adaptation strategies.

Figure 3 illustrates the current quantity and complexity of
discussed strategies in the literature and highlights our recom-
mendations about the future direction of research and practice
towards robust and active adaptation. Robust decisions may
apply different metrics to evaluate the robustness of alterna-
tive strategies. In the class of regret approaches, a typical
choice is guaranteeing performance in the worst case scenario,
e.g., safety-first criterion maximizing the expected utility of
decision-makers subject to a certain minimum level of
achievement in the worst case. Satisficing approaches might
include maximizing the value-at-risk given a certain risk level,
e.g., guaranteeing that in 95% of the plausible futures a certain
performance threshold (e.g., minimum NPV or IRR) will be
met. Additionally, a typical option for satisficing approaches
is the minimization of the probability of catastrophic events,
known as Conditional-Value-at-Risk (CVaR). The former
measures are commonly applied in robust optimization and
portfolio optimization (Ben Tal et al. 2009). We outline that
selecting the robustness criterion is dependent upon decision-
makers regarding their risk attitude and risk management
strategy.
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4.2 Change in forest decision framework

The facts about the deep uncertainty regarding the direction of
climatic changes imply application of dynamic decision-
making approaches, i.e., making use of novel information
becoming available with time (Yousefpour et al., 2012).
New decisions should revisit the former decisions and account
for novel information from established monitoring systems
and regard any changes in the decision framework, e.g.,
commitments about climate protection in the forest sector.
International agreements on the climate target (e.g., Paris
Agreement (UNFCCC 2015)) should reduce the deep
uncertainty about the degree of climate change at the end of
twenty-first century (Yousefpour and Hanewinkel 2016).
Thereafter, decisions would move towards the most cost-
effective strategies for adaptation to the pathway leading to
the agreed target climate.

Besides the environmental aspects that drive the choice of
adaptive management actions, environmental governance also
plays an important role. Creating an environment that facili-
tates managers to adapt is crucial. In this sense, the paradigms
of environmental governance have been shifting recently to-
wards an adaptive governance, aiming to increase the

flexibility of social ecological systems and providing the op-
portunity to better cope with environmental changes and
uncertainty (Chaffin and Gunderson 2016). Concurrently, en-
vironmental policy focus is moving towards learning and col-
laboration processes rather than top-down decision-making
(e.g., Armitage et al. 2009). In addition, these novel ap-
proaches require that management objectives include the pref-
erences of multiple actors, thus calling for multi-objective
forest planning and balancing conflicting objectives (e.g.,
Diaz-Balteiro et al. 2009).

5 Conclusion

Adaptive forest management has been recently a major area of
research in Europe and elsewhere (Keenan 2015). We catego-
rize the adaptation strategies into four main approaches: BAU,
reactive, active, and robust. We highlight that BAU and reac-
tive measures after realizing any disturbance from climate
change may apply in cases of low climate effects, low forest
goods and service values, or a high cost of adaptation. Active
adaptation occupies the major part of already developed stud-
ies. However, they are mainly concentrated on interventions

Fig. 3 Chart illustrating current (C) and future (F) states of research on the application of adaptation strategies under climate change. Font size shows the
quantity of available literature (BAU = 19; active = 39; reactive = 6; robust = 6)
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being optimal for a specific climate outcome in the future and
accordingly they may put at risk the provisioning of highly
valuable forest goods and services. We recommend and bor-
row a newly emerging field of decision science for developing
robust strategies to ensure future provisioning of services.
Furthermore, we are experiencing a novel political consensus
about a climate target at the end of twenty-first century (e.g.,
max. 2 °C increase in global surface temperature). Action
pathways, i.e., scenarios, to meet the climate target would be
a different source of deep uncertainty in relation to climate
change pertaining to robust decision-making approaches. As
robust adaptation is a missing approach in forestry literature
(except for portfolio management which is a type of robust
decision-making approach), future studies should focus on
providing good examples of robust adaptation in forestry
(see e.g., Yousefpour and Hanewinkel 2016).
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